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A Fabry-Perot Spectrometer for High-Resolution Spectros- 


copy and Laser Work 
Klaus D. Mielenz, Robert B. Stephens, and Karl F. Nefflen 


\ Fabry-Perot 


spectrometer with a piezoelectric spacer was constructed to record 


with a recorder, or display with an oscilloscope, the fine structure of the Haidinger fringes 
The spectrometer is of the fixed spacer design, which provides great stability of adjustment 
It was used to record the Zeeman splitting of the green line of Hg!, as well as to exhibit, 
on the oscilloscope sereen, the multimode output signal of a He-Ne gas laser. 


1. Introduction 


Modern advances in microwave techniques permit 
the detection and direct analysis of gigacycle fre- 
quencies. Optical frequencies, however, lie in the 
teracycle range and so, are still orders of magnitude 
beyond the state of that art. Optical methods, 
therefore, remain the most direct approach to analyze 
such frequencies as are encountered in laser work. 
Among them, of course, the Fabry-Perot inter- 
ferometer or spectrometer is the foremost choice. 

Essentially, a photoelectric Fabry-Perot spectrom- 
eter is a Fabry-Perot interferometer of variable 
optical plate separation nf, with a phototube viewing 
the center of the Haidinger ring pattern through a 
small circular diaphragm. As only the central 
portion of the ring pattern is used, it represents a 
linear frequency filter. With any change of nt, 
therefore, the phototube scans through the Airy 
intensity distribution. The phototube output thus 
obtained, and properly displayed as a function of 
nt on a chart recorder or oscilloscope screen, is a 
reproduction of the intensity structure within the 
interference rings. 


2. The Jacquinot and Tolansky Spectrometers 


The first photoelectric Fabry-Perot spectrometer 
was built by Jacquinot and Dufour [1].!. They en- 
closed an etalon, of fixed physical plate separation f, 
in an air-tight chamber and obtained a continuous 
change of nt by varying the pressure p inside it. 
With p slowly varying linearly with time, a graph of 
intensity distribution versus frequency is obtained 
on a Y-axis recorder. 

The Jacquinot spectrometer has been much used 
to record the fine and hyperfine structures of spec- 
trum lines; compare, for instance, reference [2]. 

Another type of the spectrometer is due to Tolan- 


s at the end of this paper. 


sky and Bradley [3]. They employed a Fabry-Perot 
interferometer in which one plate is oscillated through 
a distance of the order of \/2 by means of a mechan- 
ical vibrator. The phototube output signal is fed 
into the Y-axis input of an oscilloscope and the hori- 
zontal sweep synchronized with the vibrator. A 
reproduction of the ring structure is then displayed 
on the screen. 

Recently, Herriot [4] has used the Tolansky spec- 
trometer, with confocal mirrors, and a permanent 
magnet and moving coil to oscillate one mirror, to 
detect laser modes. 

In the Jacquinot spectrometer, high frequency 
noise is easily suppressed by limiting the frequency 
response of the recorder and recording at low speeds. 
Since the light source must remain stable within at 
least the recording period, unstable light sources 
cannot be analyzed. Adiabatic effects, on the other 
hand, prohibit a fast sean and, thus, the display of 
the signal with an oscilloscope. 

The Tolansky spectrometer, as compared hereto, 
readily analyzes unstable light sources. However, a 
broader frequency pass-band is required to produce 
an undistorted pattern on the screen, and this will 
result in an undesirable display of noise. The me- 
chanical vibrator does not lend itself easily to a suf- 
ficiently precise, slow continuous scan. The use of 
the same instrument with a recorder does not appear 
to be of merit, therefore. 

In the design of conventional Fabry-Perot inter- 
ferometers, a fixed spacer has long proved to be of 
great advantage [5]. A piece of fused quartz tubing, 
optically parallel at both ends and with the two mir- 
rors optically contacted to it, has been found, in this 
laboratory, the most practical and simplest design. 
Such etalons have been shipped long distances with- 
out any need for readjustment at their point of des- 
tination. Jacquinot’s instrument does use a fixed 
spacer. The oscillating spectrometers, as described, 
do not share this advantage, and are liable to have 
less stability. 

The electrical control of. the sean in Tolansky’s 
spectrometer, on the other hand, is more convenient 
and versatile than a pressure control. 





3. The New Fabry-Perot Spectrometer 


The new spectrometer to be described here com- 
bines the advantages of the Jacquinot and Tolansky 
designs, and is simpler in construction and handling 
than either. It can readily be used with either a 
recorder or an oscilloscope, is of the fixed spacer 
design, and is controlled entirely electrically by the 
simplest of means. 

The etalon used (fig. 1) essentially consists of a 
piece of lead zirconate-titanate (Clevite piezoelectric 
ceramic PZT—4) tubing of 2.0 in. outside and 1.6 in. 
inside diameter, with the mirrors contacted to its 
ends. The tube is silver-plated on its inside and 
outside. The voltages required to provide length 
changes are applied through wires soldered to the 
inside and outside of the ceramic tube. 

The ceramic used yielded a linear expansion of 
about 0.5 my per volt perinch. The voltage required 
to scan the etalon through its range without overlap, 
for visible light and a 3-in. tube, is of the order of 100 v. 
Since the ceramic is primarily a capacitive circuit 
element, the only current drawn is a changing current. 
A d-c voltage to provide a continuous linear expan- 
sion or contraction can, therefore, be obtained with 
a simple filtered power supply or with batteries. 
An a-c voltage to provide oscillations can be taken 
from the 60-cycle power line with a variable trans- 
former. These characteristics make the ceramic 
easy to use. 
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Another design, which was used to achieve a 
shorter plate separation with the 3-in. tube at hand, 
is shown in figure 2. It might also prove advan- 
tageous when, for small spacings or long wavelengths, 
the higher voltages required by the other design 
tend to be impracticable. In both cases, flat 

| mirrors were used, but it is planned to also use 
confocal plates for further experiments. 

Although both etalons were used in an exploratory 
manner only, with the components held together 
by wax, and with aluminum mirrors of not more 
than 75 percent reflectance, the results obtained 
were very promising. The etalons were easy to 
adjust and maintained their adjustment. With d-c 
and a-c voltages high enough to provide a scan 
through five fringes, the expansion of the ceramic 
was found to be linear and reproducible. It did 
not affect the parallelism of the etalon at any time. 

The etalons were employed in an upright manner, 
with a pentaprism at each end to deflect the light 

| by 90°, figure 3. <A collimating lens of 199 mm 
focal length was used in front of, and a telescope 
lens of 275 mm focal length behind the etalon. 
The aperture of the diaphragm at the center of 
the ring pattern varies with the length of the etalon 
and was in each case chosen to yield optimum 
resolution. 

With the Hg'® lamp, as employed in some of the 
experiments described below, a combination of 
Wratten filters was used to isolate the green line. 





Figure 3. 10-em etalon with lenses, pentaprisms, diaphragm, 
} q 


photom ultiple r, and cathode followe rf. 





A Fabry-Perot interferometer with continuous 
piezoelectric scanning was already described by 
Dupeyrat [6]. Being altogether different in design, 
it did not show much promise at the time. 


4. Experimental Results 


The new Fabry-Perot Spectrometer was employed 
in two ways, in a setup schematically shown in 
figure 4. 


4.1. Recording Spectrometer 


With a slowly linearly increasing or decreasing 
d-e voltage at the ceramic, the instrument represents 
the analog of the Jacquinot spectrometer. The 
voltage was supplied by a filtered full-wave power 
supply whose output of 410 v was applied across a 
10-turn precision 300 kQ potentiometer driven by a 
32 v d-c, 4 rpm motor. The resulting variations in 
the output signal of the RCA 1P21 photomultiplier 
were recorded versus time on a potentiometer-type 
recorder. Recording time was about 10 min per 
interference fringe. 

The record reproduced in figure 5 shows the trans- 
verse, normal Zeeman splitting of the 5461 A Hg" 
line. It was obtained with a magnetron magnet of 
approximately 2200 oersteds applied to a water- 
cooled Hg'®* lamp excited by a microwave oscillator. 
The 8 mm etalon of figure 2 was used. 

Figure 5a shows two rings with no magnetic field 
applied. In figure 5b, the line is broadened due to 
the field, and one can vaguely see the beginning 
resolution of atriplet. In figure 5c, the 7-component 
of the triplet is isolated by insertion of a Polaroid 
filter. Figure 5d shows the o-components obtained 
after rotating the Polaroid by 90°. 

The advantage of the recorder method lies, as 
mentioned, in the removal of noise. This is illustra- 
ted by contrasting figure 5a with figure 6, in which 
the unsplit Hg'® line is shown as obtained on the 
oscilloscope screen by the method described below. 








FIGURE 4 Block diagram of spectromete? with recorder and 


oscilloscope . 





Due to a low signal-to-noise ratio, the oscilloscope 
pattern in figure 6 exhibits a strong photomultiplier 
noise which, however, is largely eliminated in the 
recorded pattern of figure 5a. 


4.2. Oscillating Spectrometer 


With a 60-cycle a-c voltage at the ceramic and at 
the X-axis input of the oscilloscope, and the photo- 









































Figure 5. Normal Zeeman effect of 


(a) Without field; (b, c, d) with field, (b) all components, (« 
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FIGURE 6 


Oscilloscope pattern of green line of Hg", obtained 


at low signal-to-noise ratio. 


FIGURE 
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tube output fed into the Y-axis input, the instrument 
corresponds to Tolansky’s spectrometer and repro- 
duces the Airy pattern on the scope screen. 

The number of interference rings displayed on the 
screen increases as the a-c voltage is increased (fig. 7). 
A d-c voltage is superimposed to conveniently center 
the pattern about a dark or bright ring, as desired 
(fig. 8). Any need for mechanical positioning of the 
etalon is thus eliminated. 

The a-c voltage was taken from the 60-cycle power 
line, and was varied with a Variac transformer. 
The d-c voltage was supplied by the 410 v power sup- 
ply, or batteries, and was varied with potentiometers. 
A cathode follower was used between the 1P21 
photomultiplier tube and the oscilloscope to provide 
an impedance match. 


voltage on scope pattern 


150 volts, (c) 250 volts rms 


4 





FIGURE 8& Effect of d-c voltage on 


0 volts, (b 


scope 


pattern. 


40 volts, (c) 130 volts 


The oscillograms shown in figures 7 and 8 were 
obtained with the 8-mm etalon, illuminated with a 
Spectra-Physics Model 115 He-Ne laser operating 
at 6328 A. The resolving power of the etalon was 
not sufficient to resolve the laser modes. 

With the 10-cm etalon, however, the patterns 
shown in figure 9 were obtained in which the modes 
are clearly resolved. As the laser used was not 
designed for frequency stability, the oscilloscope 
displayed a continuously changing pattern. The 
series of pictures in figure 9 were selected at random 
to show this effect. It is almost impossible, though, 
to reproduce in print this very striking demonstra- 
tion of how, in such a laser, energy continuously 
shifts back and forth between modes. 

Only an oscilloscope can display such rapid 
changes, and here, then, lies the advantage of the 
oscillating Fabry-Perot spectrometer as compared 
to the recording one. 


d 


Figure 9. Varying frequency output of He-Ne lase 


10-cm etalon 


at 6328 A 


5. Conclusion 


A preliminary setup only, with much room for 
improvement, was used for the above described 
experiments. Yet, a simple Fabry-Perot spectrom- 
eter with a “fixed” piezoelectric spacer has proved 
to be a most adaptable and useful spectrum analyzer 
for high-resolution and laser work. 
It is planned to use such spectrometers, in an im- 
proved, permanent design, for the analysis of the 
frequency output of infrared and_ visible 


spect roscopyv 


lasers. 


For this purpose, greater spacings than the ones 

used here will be required to provide better resolution. 
The use of piezoelectric spacers to tune laser 

cavities has also been realized in this laboratory. 


K. E. Gillilland and T. Morokuma, of this labora- 
tory, provided valuable ideas and skillful assistance 
throughout the work described. H. D. Cooke and 





J. J. Spijkerman, both at NBS, made helpful sug- 


gestions. The loan of the gas laser by R. L. Morten- 


sen, of Spectra-Physics, is greatly appreciated. 
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A Variable Impedance Power Meter, and Adjust- 
able Reflection Coefficient Standard 


Glenn F. Engen 
(October 10, 1963) 


Most microwave power meters, such as those of the bolometric and calorimetrie types, 
completely absorb the power which they indicate. The use of these meters is thus usually 
accompanied by the requirement to either (1) determine the power at another place in the 
microwave circuit from the meter reading, or (2) determine the power which will be delivered 
to a different load which is to be substituted for the meter. 

The evaluation of these relationships plays an important role in the power measure- 
ments art. 

These problems are alleviated by the power measuring device to be described. This 
instrument, which is based on reflectometer techniques, may be used either as a feed-through 
power meter which indicates the power delivered to loads of arbitrary impedance, or as a 
terminating power meter whose input impedance can be adjusted to arbitrary values without 
requiring recalibration. 

In a slightly modified form the instrument also gives an indication of the reflection 
coefficient magnitude to which it has been adjusted. 

A comprehensive error analysis permits the accuracy to be determined under general 
operating conditions. 


1. Background 


Power meters, for the high, ultrahigh, and microwave frequency spectrum, may usually be 
classed as either ‘‘feed-through” or ‘“‘terminating”’ types. The former includes a section of 
appropriate waveguide and contains provision for measuring the power flow, while absorbing as 


little energy as possible. The second type of meter terminates the waveguide and, ideally, 
absorbs all of the incident power. That is, the power meter terminates the waveguide by its 
characteristic impedance. At microwave frequencies, most power meters belong to this 
second category. 


In the use of these power meters, comparison theory and techniques play an important role. 
This theory deals with predicting the power delivered to a load of arbitrary characteristics 
when the power absorbed by a different load is known (usually a terminating power meter). 
In the laboratory, this problem may take the form of calibrating one terminating power meter 
in terms of a second and similar type meter. In the field it may be required to determine the 
power delivered to an antenna by the use of a meter of this type. With few exceptions, the 
use of a terminating type power meter is motivated by the desire to predict the power which 
will be delivered by a particular signal source to another load whose impedance differs from 
that of the power meter. Unfortunately, the associated problems are not as widely appreciated 
as they should be. It is probably safe to say that in many cases the accuracy realized in the 
current art is to a substantial degree limited by the failure to apply this comparison theory. 

The variable impedance power meter, which is the subject of this paper, provides a poten- 
tial simplification in this comparison theory and procedure because its impedance may be 
adjusted to equal that of the second meter or load with which it is being compared. In a slightly 
modified form, this device also provides the magnitude of the reflection coefficient to which it 
has been adjusted. Because of the strong interdependence between these applications, they 
will be developed simultaneously, but with major emphasis on the power meter theory. The 
adjustable reflection coefficient standard will be included as a modification of the power meter 
application. : i 


4 te 


’ 





2. Introduction 


If two loads are connected in turn to a constant voltage, arbitrary impedance, signal source 
as indicated in figure 1, it can be shown that the ratio of the two powers is given by: [1] ! 


P seat = I'4 . (1) 


Ps l—P Ts rT p|? 


where ?, and ?, are the powers absorbed by the loads of reflection coefficient T, and T,, re- 
spectively, and I, is the reflection coefficient of the signal source. A major portion of the com- 
parison theory and techniques, referred to earlier, is devoted to various methods of coping with 
the relationships and measurement problems implicit in this equation. 

The existing techniques for dealing with this problem include the following. 

(1) Measurements of T,, Ty, and I's, and substitution of their values in eq (1). This 
approach is seldom, if ever, used. Note that both the magnitudes and phase angles of the 
reflection coefficients are required. Although a slotted line is capable of providing both pieces 
of information, the procedures associated with the phase angle determination are somewhat 
awkward and the overall accuracy leaves something to be desired. The reflectometer provides 
a more accurate measurement of the reflection coefficient magnitude, but does not, in its usual 
form, provide any phase iaformation. 

(2) Adjust T,=0 and measure |T,| and |T,|. This is a useful technique when one is 
interested in comparing two power meters. The techniques for matching a generator include 
the use of attenuators and load isolators such that the equivalent generator impedance at the 
terminal surface of interest tends to become independent of the actual source of energy. An 
alternative equivalent to a matched generator is provided by the use of a directional coupler 
and associated techniques [2, 3]. 

(3) Use of a “reflectometer type’”’ transfer instrument [4]. The cited reference [4] de- 
scribes an alternative technique for comparing power meters which utilizes a four-arm wave- 
guide junction together with appropriate power detectors and calibration procedures. This 
device may be regarded as a feed-through type wattmeter. For example, if a reflectometer is 
employed as the four-arm junction, it can be shown that the instrument performs the opera- 
tions required in item 2 implicitly. It should be noted, however, that a reflectometer is only 
a special case of a more general class of four-arm junctions which satisfy the criteria outlined 
in [4]. 

+) Adjust one of the impedances so that '4,=Ty. In this case, the ratio P,/P, reduces 
to unity. Of the methods described, this one is potentially the most accurate, at least in 
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FIGURE 2. Circuit for recognizing the equality of 
two impedances. 


reducing the uncertainty in the ratio ?4/P,. In addition, while the measurement of ultrahigh 
frequency and microwave impedance is an exacting art, the techniques for recognizing the 
equality of two impedances are comparatively simple. 

This may be done as indicated in figure 2. For definiteness, it will be assumed that I, 
is variable while T, is fixed in value. The procedure consists of terminating arm 2 of the 
coupler by I’, and adjusting the transformer for a detector null. Load B is then replaced by 
load A. If Ty is now adjusted so that a detector null is again realized, [4=T, as required. 

In the discussion to follow, it will be assumed that load A is a terminating type power 
meter of reflection coefficient [, and which has been calibrated by some means such that it 
indicates the absorbed power. It will frequently be referred to as the ‘“‘standard.’’ Load B, 
for which the power is required, may be another power meter or other termination such as an 
antenna. 

The technique outlined above of making [,=TI, has found but little use because of the 
implicit requirement for a tuning transformer, and the uncertainty it can introduce. For 
example, if this transformer is added ahead of or included as part of the standard, an un- 
certainty is introduced into its calibration unless the transformer loss is known. Alternatively 
if the transformer is introduced in conjunction with load B, it must either become part of this 
load or a similar error will be introduced. Although the attenuation in a typical waveguide 
transformer is probably not large, the uncertainty in this loss usually precludes the use of 
transformers in this manner. This technique of adjusting for T4—T, has found, however, a 
limited use at the Boulder Laboratories of the National Bureau of Standards. Here the im- 
pedance of a bolometer mount of special design is adjusted, before calibration, to equal that 
of the load of interest. The design of the NBS bolometer mount permits its calibration in 
the microcalorimeter [5] and this calibration procedure is independeat of the bolometer mount 
impedance. 

The proposed power meter, which is the primary subject of this paper, is of the terminating 
type and includes a means of adjusting its input impedance without requiring recalibration. 
In common with other terminating meters, it indicates the net power absorbed. However, 
the problem of transformer losses is avoided and, within certain limits, this meter may be 
regarded as the equivalent of a conventional terminating type power meter preceded by a 
lossless and adjustable tuning transformer. 

Thi. device is in appearance, a tuned reflectometer, and in fact an alternative use for the 
“power transfer instrument” described in [4]. For a simplified explanation, consider figure 3. 
By use of tuners 7, and 7, it is possible to compensate for imperfect coupler directivity, etc., 
so that the powers indicated by detectors 3 and 4 are respectively proportional to the powers 
associated with the incident and emergent waves on arm 2. These proportionality factors 
may be determined by a suitable calibration. 

If arm 1 is connected to the signal source, the device may be regarded as a feed-through 
wattmeter since the net power leaving arm 2 is the difference between the emergent and 
incident powers. Alternatively, with arm 2 connected to the signal source, and arm 1 ter- 
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Figure 3. Basic four arm junction used in power 
and impedance measuring applications. 


minated by a passive load, the device becomes a terminating power meter with the net power 
delivered to arm 2 given by the difference between the incident and emergent powers.” 

The impedance observed at arm 2 under these conditions depends, to some extent, upon 
the impedance terminating arm 1. On the other hand, the proportionality factors (between 
the incident or emergent waves at arm 2 and the detectors on arms 3 and 4) are independent of 
the impedance which terminates arm 1. This makes possible the described operation. In 
the sections to follow the pertinent theory will be developed. For the sake of completeness, 
and in order to bring out those features which are pertinent to the present applications, the 
earlier theory [3, 4, 6] will be reviewed in some detail. 


3. Review of Prior Art 


Consider first a four arm waveguide junction assembled from a pair of directional couplers 
and tuning transformers as shown in figure 3. Arms 3 and 4 are terminated by constant im- 
pedance power detectors. Since the subsequent operation does not require access to the ter- 
minal surfaces between the junctions and these detectors, it is not required that the terminal 
surfaces employed in the analysis coincide with those of the mating waveguide flanges. This 
permits a substantial simplification in the treatment by use of the following artifice. For 
convenience it will be assumed that the power detectors are of the bolometric type. In general 
the bolometer mount reflects a certain fraction of the incident energy and absorbs another 
portion. The remainder is delivered to the bolometer or power sensing element. It is thus 
possible to construct an equivalent circuit of the bolometer mount as shown in figure 4. This 
circuit consists of a lossless transformer, a matched attenuator, and an ‘ideal’ detector con- 
nected in tandem as shown. The characteristics of the transformer and attenuator are ad- 
justed as required to duplicate the power reflected and absorbed by the actual bolometer 
mount. The “‘ideal’’ detector by definition includes a matched and lossless waveguide structure 
which delivers all of the incident power to the bolometer element. The power detectors shown 
in figure 3 are now replaced by these equivalents and the terminal surfaces between the four 
arm junetion and detector chosen as indicated in figure 5. This procedure, in effect, shifts 
the nonideal behavior of the detectors to the junction, and incorporates it as part of the 


junction behavior. This stratagem permits an analysis of the general behavior of the device 
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Ficgure 4. Equi tlent circuit of bolometer mount 
power detector 


the power input at arm / could also be obtained from the readings on arms 3 and 4. In order to achieve this re- 
) satisfy certain additional conditions, the realization of which would prove difficult in the existing art 


nuator is adjusted so that its efficiency equals the effective efficiency of the boloineter mount. These concepts are 


10 





"IDEAL" 
DETECTORS 
JN 








Ficure 5. Illustrating the choice of terminalYsurface 
employed in the analysis. 


under the sumplifying assumption of matched and ideal detectors on arms 3 and 4. It must be 
remembered, however, that the new terminal surfaces 3 and 4 are, in general, not available for 
supplementary observations. In addition, certain of the detector characteristics have been 
absorbed within the junction. These must be taken into account in any attempt to construct 
the junction behavior from the characteristics of its individual components. 

The system behavior will be described in terms of appropriately normalized incident and 
emergent “‘voltage’’ wave amplitudes at the different terminal surfaces. These will be des- 
ignated by a,, and b,, respectively, where the subscripts take the values 1 


4 corresponding 
to the different terminals of interest. 


oe ; : b,? 
rhe powers, 7; and P,, delivered to detectors 3 and 4 are given by ~~ and 


b,|? on ° : 

Zz. Z respectively. 

(Note that the a’s and 6’s are in general complex.) The net power emerging from arm 2*is 
given by: 


In accordance with frequently used microwave practice, the normalization is made in 
such a way that the characteristic impedance, 7), reduces to unity. Thus, this factor does not 
appear in the equations which follow. 


The relationships imposed by the junction on the a’s and b’s are given by: 
b.=S.,a,-44 
S31@,44 


b,=Sya,t+ Set (3 


») 


where the S,,,, are the scattering coefficients of the four arm junction (a fourth equation in- 
volving 6, could be written but is not required in the analysis). The advantage of the choice 
of reference planes outlined earlier is now evident. Ordinarily eqs (3) would include terms in 
a, and ay. Six terms have been eliminated by choosing the terminal surfaces so that a; and 
a, Vanish. 


Solving eqs (3) for a, and 6, in terms of 6; and 6, yields: 


Db;— Bb, 
A 


Ab,—Cb; 
A 
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where 


2) gives: 
yi2 as 
< A ah I b.|7+ ,|(BD* 
Aj\* Al‘ 


A 
Equation (5) gives the net power emerging from arm 


} into eq | 


(B*D—A*C)b3b% 


Substituting eqs 


AC*) 6*b,-4 


where (*) denotes the complex conjugate. 
2 in terms of bs, b, and the parameters of the junction. 
For reflectometer applications it is desirable to express 63/6, as a function of a, and 6, 


Equations (4) may be rearranged to yield: 


If arm 2 is terminated by a passive load, of reflection coefficient [',, this becomes: 
AI,+B 
'T,+D 


since, under the specified conditions, a2/b.=T 
Thus far the only explicit assumption concerning the four arm junction is that its behavior 
(This involves a number of implicit assumptions such as linearity, 


is described by 


eqs 3). 
By use of the tuners 7, and 7, it is possible to impose a variety of conditions on the 


etc r 

constants A. D). For example, in the reflectometer application, it is required that B and 

(’ be made negligibly small as compared with A and D, respectively. This may be achieved by 

vdjustment of 7, and 7. as described by Engen and Beatty 6). 
In addition, 


the : 


Note that if both Band C vanish, 4,/b, is proportional to T,. 


) 
(Note that 


and the powers observed by detectors 3 and 4 are respectively proportional to the powers 
AC* is made to vanish. 


associated with the incident and emergent waves in arm 
{nother condition of interest is that in which BD* 
In general this may be achieved by the adjustment of 7, [4, 6] 


C—O. 
5) becomes 
(10) 


In this case eq 
. 2 My ie UN ap kP 


this is satisfied if B 
only 
1s 

2 


where 
‘ AP 


De—!C? 
In the 


Although eqs (9) and (10) are similar in form, there is an important difference. 
right side of eq (9) the power represented by the two terms may be associated with the incident 


12 





and emergent waves in arm 2. In eq (10), the net power leaving the junction is similarly 
given by the difference between two terms, but these terms no longer bear a simple relationship 


to the incident and emergent waves. That is, as a consequence of satisfying only the condition 
BD*—AC*=0 instead of B=C=0, it is no longer possible to resolve the “incident” and 
“emergent” powers at arm 2. 

The fact that the net emergent power can be written in the form of eq (10) is important, 
however, since this provides the basis for proving that the operation is (ideally) independent 
of impedance discontinuities at terminal surface 2 [4]. 


4. General Theory 


In the foregoing section, four arm junction theory has been reviewed and adjustments 
described which are useful in reflectometer and power measuring applications. The associated 
calibration procedures have been omitted, but will be described in the following section. 

The foregoing analysis has been based on the assumption—implicit or explicit—that the 
junction will be energized via arm 1 and a passive load connected to arm 2. When used in 
conjunction with appropriate calibration procedures, to be described, the given techniques 
permit a determination of the power delivered to a load on arm 2 and/or the magnitude of its 
reflection coefficient. 

However, with the exception of eq (7) the relationships expressed by eqs (2 through 10) 
are valid for excitation applied via either arm 1 or 2 (or both). The termination of arm 1 
by a passive but adjustable load, as shown in figure 6, permits the same junction to be used 
in several additional applications, in which the excitation is supplied via arm 2 

Consider first eq (10). Since k, and k, are functions only of the junction parameters, 
their values will be independent of the adjustment of transformer 7’, (fig. 6) which is part of 
the load terminating arm 1. On the other hand, the impedance “looking into” arm 2 will, in 
general, depend on this adjustment. Assuming the constants k, and k, have been determined, 
the measurement of ?; and /, thus yields the net input power (at arm 2) for arbitrary values 
of input impedance. (Note that P2, eq (10) will now be negative since P, is, by definition, 
the net emerging power. ) 

The entire assembly shown in figure 6 may thus be regarded as a terminating type power 
meter. In the area of power measurement additional applications include: 

(1) A variable impedance terminating type power meter. The utility of such an instru- 
ment will be evident from the discussion found in the introduction. 

(2) A means for measuring the maximum available power from a signal source. 

In this latter application the load impedance is adjusted until the maximum power is 
indicated,’ as given by eq (10). Theoretically, the input impedance of the power meter will 
now be the complex conjugate of the source impedance. In principle, this also provides a 
means of measuring the impedance of an active source by adjusting for maximum power 
transfer and then measuring the impedance at arm 2 of the junction. As a practical measure, 





Ficure 6. Addition of passive and adjustable load 
to provide further applications. 


# The practical utilization of this idea would probably require accessory instrumentation to perform the operations indicated in eq (10 
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unfortunately, it cannot be necessarily anticipated that this technique will yield a high degree 
of accuracy because the dependence of power transfer upon load impedance vanishes as the 
maximum is approached. 

For these two applications it is only necessary that the junction satisfy the condition 
BD*— AC*=0. 

In impedance measuring applications it is desirable that both B and C vanish. Subject 
to this latter condition, the reciprocal of eq (6) becomes: 


b, D 


b. q im 


h : ee ; . aA 
where [,, is the reflection coefficient ‘looking into” arm 2 
a 


Because the indicated detection techniques respond only to the magnitudes of 5, 
it is appropriate to write this equation in the form: 


:, nals |D or 
Subject to the determination of >the measurement of the ratio of 6; to |b, thus de- 


A 
termines the magnitude of the input reflection coefficient at arm 2 

There are a number of possible applications for such a device in the field of impedance 
measurement. Perhaps the most attractive is that of providing a variable impedance for 
evaluating a lower order awccuracy instrument—such as a slotted line. 

For completeness, It may be noted that the device could also be used as (1) an impedance 
transfer standard and (2) to measure unknown reflection coefficient magnitudes. In the latter 
case, for example the impedance is first adjusted to equal that of the unknown (by means of 
the technique described in conjunction with fig. 2), and the reflection coefficient magnitude 
determined from the indications on arms 3 and 4. In general, however, these two measurement 
requirements are more readily satisfied by existing techniques. 

Finally, the mmpe lance and power measuring applications may be combined in an applica- 
tion such as measuring the power output of a signal source as a function of load impedance, 
eg., a Rieke diagram. For this application, if the phase information is required, certain 


modifications and extensions of the system are desirable. These details, however, are not 


within the scope of the present paper. 

It should be emphasized that the tuning procedures required for these applications are 
identical to those employed in the prior art. Thus the cited applications may be regarded as 
further uses for the existing techniques. For example, the ‘‘variable impedance terminating 
type power meter” is nothing more than the “power transfer instrument” of [4], with an adjust- 
able impedance connected to arm 1. Thus, with appropriate adjustment and calibration, the 


same device may be emploved as either a feed-through or terminating tvpe power meter. 


5. Calibration Procedures 


The tuning procedures required in the foregoing techniques are described in [6| and need 
not be repeated here. A similar observation applies to much of the calibration procedure, 
However, because certain modifications are indicated by these newer applications, this section 
will also include a review of some of the prior art. 


For power measurement applications, the values of /; and ky (eq (10)) are required. As 


outlined in [4| these may be determined by the following procedure which includes two steps. 


1) Arm 2 is terminated by a standard ® power meter, arm 1 is connected to a suitable 
cvenerator and the values of P2, P;, and P, are noted. 


ive been determined ir vccurate determination of 
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(2) The standard power meter is then replaced by a short circuit (P,=0) and the corre- 
sponding values of P; and P, again noted. Substitution of the appropriate values in eq (10) 
vields a pair of equations which can be solved for k,; and ky. 

This procedure is based on the fact that eq (10) must hold for all operating conditions. 
Thus the observation of P; and P, for two known values of P, is, in general, sufficient to deter- 
mine k, and ko. 

A third step, which could be employed in place of either of the other two is as follows: 

(3) Arm 1 is terminated by a Joad such that the impedance observed at arm 2 is equal 
to that of the standard power meter. Arm 2 of the assembly is then connected to a suitable 
generator and the values of P; and P, noted. The power absorbed by the junction under 
this condition is determined by connecting the standard meter to the same source. (Note 
that P, is now negative.) 

Thus a third set of values for P:, P;, P, is obtained which may be substituted into eq (10). 
This latter step is somewhat more complicated than the other two, thus it is appropriate to 
investigate the relative merits of the different procedures. This question can perhaps be 
most easily answered by inspection of eq (5). 


Equation (5) may be written in the following form, 


P.=k, P,—hoP3 +27 P3P, cos 6 
where 
BD*—AC* 
A 2 


6=arg |(BD*—AC*) b¥b,|, 


and the other quantities have been previously defined. 

Because the indicated instrumentation measures magnitudes only, 6 must be regarded 
as a random variable. In order to secure the desired operation, it is therefore necessary to 
make ¢ vanish. In theory this can be done by using a sliding short to terminate arm 2 and 
adjusting the appropriate transformer until a constant ratio of P3/P, is obtained. This pro- 
cedure is described in greater detail in the references. 

As a practical measure, however, there is a limit to how closely the desired condition may 
be achieved. In the existing art this is determined primarily by limitations in the ability to 
recognize the desired condition. Other potential limitations include the tuner resolution and 
ability of the system to retain the desired adjustment. 


The inability to make e completely vanish affects both the calibration and subsequent 
use of the device. During the calibration procedure this effect is the equivalent of an un- 
certainty in the value of P, by the amount +2e,P;P;. This, in turn, will be reflected as an 
uncertainty in the calculated values of k, and k.. In operation as either a feed-through or 
terminating type power meter, the value of P, will again be indeterminate by the amount 

2e,P;P;. This is in addition to the uncertainty introduced into the values of f 


fr and fy, 
during the calibration procedure. 


A general statement as to the relative merits of the different calibration procedures can 
now be given. From an inspection of eq (13) it is evident that the error due to a nonzero 
value of ¢, in determining k, and k, respectively, can be minimized if the junction is energized 
in such a way that the conditions, k2P;<<k,P, and kjP,<<k.P3 are satisfied, in turn, dur- 
ing the calibration. In practice these criteria are nominally satisfied by steps 1 and 3. 

On the other hand, the relative importance of k, and k, depends upon the subsequent use 
which is made of the device. In a terminating power meter application, k, is of prime 
importance while in the feed-through power meter (power transfer standard) the important 
constant is ky. 

Thus if only feed-through applications are anticipated, the use of step 1 and either step 
2 or 3 is indicated. If “terminating” applications are planned the calibration should include 
step 3 and either step 1 or 2. Where both applications are envisaged, steps 1 and 3 should be 
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employed. In those applications where impedance measurements are included, it is the ratio 
of k, to k, which is important, and this is provided by step 2. Finally, the use of all three 
steps provides a useful check on the system performance. Thus the choice of calibration 
procedure depends primarily upon the intended applications. These considerations may be 
summarized by noting that, for optimum results, the calibration procedure should include 
those steps which approximate the intended use. Certain aspects of these procedures will be 
further developed in the section on error analysis. 


6. Practical Considerations 


The degree of flexibility inherent in these techniques is such as to provide for a wide variety 


of applications. This can perhaps be best illustrated by considering a number of specific 
examples. For convenience it will be assumed that the detectors terminating arms 3 and 
1 are of the bolometric type and operated in conjunction with a bridge type power meter such 
that the bolometer resistance is maintained at a constant value. 

First, consider the junction illustrated in figures 3 and 6. This is a useful configuration 
in applications where the power to be measured exceeds, by 10 db or more, the level at which 
the bolometric detectors operate. In this configuration the values of /, and /, are approximately 
equal to the coupling ratios in the first and second couplers (numbered from left to right) 
respectively. For example, if both coupling ratios are 10 db, k, and fk, will a 
equal 10. For a 20 db ratio, these values will nominally equal 100 ece. The valu coupling 
ratio also determines over what limits the mput VSWR may be adjusted in the tevminating 
power meter application. This is primarily determined by the attenuation which 
between arms 1 and 2. 


roximately 


exists 
For 10 db coupling, the upper limits for the VSWR is approximately 9. 
If the power to be measured is of the level at which the bolometric detectors operate 
nominally 0.01-10 mw), smaller values of /; and k, are desirable. These are provided by the 
alternative configuration, as shown in figure 7, where the main arm of the first coupler feeds the 
side arm of the second. If the coupling ratios are equal, and have a value of 10 db or more, 
the values of k, and k, are approximately unity. This is a useful configuration for inter- 
comparing and calibrating power meters of the bolometric type. 


insertion 
loss —10 db or more in the cited example. Thus the practical applications are limited to those 
in which power loss is a secondary consideration. 


As a feed-through wattmeter, this configuration suffers from a fairly hig 


In a terminating power meter application, 
the 10 db coupling limits the input VSWR to values of 1.2 and less. As a general rule, a 
limited VSWR range is associated with an instrument which provides the smaller values of 
kt, and ks. 

It is also possible to use single coupler arrangements, as shown in figure 8. In the existing 
art it is more difficult to implement this form of the instrument, both because of the limited 


availability of suitable components and because the tuning procedure is more difficult. On the 


bj 1> qa; 
| 








Tin 
| 
ao + > bo 


Figure 7. Alternative form of terminating or feed- 
through wattmeter. 
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Fiat RE S. Single coupler form of power? meter. 


other hand, if a 3 db coupler is employed, this configuration will provide values of 1 and 2 


for k, and ky respectively with only 3 db of attenuation, and will permit VSWR’s as large as 3 


in the terminating application. The single coupler arrangement thus provides a lower com- 


bination of values, for k,, k, and insertion loss, than is possible with the two-coupler instruments. 


Although bolometric power meters have been specified for arms 3 and 4, it is evident that 
any type of constant impedance power detector may be employed. Indeed, absolute power 
detectors are not actually required. Since only power ratios are involved, these deteetors 
could in principle take the form of a calibrated attenuator followed by a detector which is 
capable of recognizing when the signal level is at an arbitrary reference value. 

In an earlier section it has been noted that, for power measurement applications, it is suf- 
ficient that the junction satisfy the condition BD*— AC*=0 instead of the condition B=L:50 
which is required in impedance measuring applications. However, as a practical meastre, 
improved accuracy results if either of the conditions, k;Py< <hk2P; or kyP3< <k,P, is satisfied 
both during the calibration and subsequent operation. 

In practical terms this usually means that, when used as a feed-through wattmeter, the 
VSWR’s of the terminating loads (including power meter used for calibration), are limited to 
values below 1.5. This limit also applies to the input VSWR when employed as a terminating 
power meter. In addition, the directivity of the second coupler (including tuner 7, if present) 
should be 20 db or more. In the existing art, these criteria are satisfied by nearly all of the 
anticipated applications. It is possible, however, to violate the foregoing criteria, and still 
satisfy the kh Py<<k.P; or keP3<<k,P, conditions. For example, assume two terminating 
type power meters are to be compared, and that their impedances, while approximately equal, 
differ substantially from that required for an impedance match. In this case tuner 7, would 
be adjusted so that ?; vanishes when arm 2 is terminated by one of the meters. (This must 
be done before the adjustment of tuner 7,.) The condition k,P3;< <k,P, is then satisfied. 

The preceding paragraphs may be summarized by noting that while the technique pro- 
vides the means for accurately comparing the power in loads of different impedance, some 
deterioration in accuracy results if this difference in impedance is large. 


7. Error Analysis 


In the analysis which follows, a number of approximations will be introduced, most of 
which are based upon the impedance and directivity criteria outlined in the immediately pre- 
ceding paragraphs. Although, in many instances, the ultimate conclusions are substantially 
independent of these criteria, in careful work it would be desirable to check the validity of 
these approximations in an application where there is a marked departure from the stated 
conditions. 

Equation (13) gives the net power flow, P2, across the terminal surface of arm 2 (figs. 3, 
6, 7, 8), in terms of the powers P3, Ps, and the junction parameters k,, ky, «, and 6. In general, 
the error in P, will include a contribution from the uncertainty in each of these quantities. 
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Let the uncertainty in P; be denoted by 6P3, etc. Then the limit of error due to the un- 
certainty in Ps, P,, k,, ky and from neglecting ¢€ is given by: 


SP, bP. ( an i or )+kePs ( vt ra )+26, PoP 


P, kP.—kP, (14) 


Note that in order to determine the maximum error 6 has been chosen so that (cos 6 . The 
error determination thus reduces to an evaluation of ¢, 64,/k,, dko/ko, 6P:/Ps, 6P,/P,. These 
will be discussed in the order listed. 


7.1. Evaluation of « 


As already noted, it is an objective of the tuning procedure to make ¢ vanish. In theory 


this can be accomplished by the use of tuner 7). The tuning procedure consists of terminating 
arm 2 by a sliding short and adjusting for a constant ratio, P;/P,, for all positions of the short. 
It is possible to relate the value of € to the inability to completely realize this condition through 
the following argument. 

The operation of the sliding short may be described by the equation [,=e'® where the value 
of ¢ is determined by the short position. Substitution into eq (7) vields 


(15) 
It can be shown® that the locus of 6./b., which is generated by varying ¢, is a circle of 
radius 


| |AD—BC 
ki DP?—|C)? 


The distance from the origin to the center of this circle is given by 


BD*—AC 


R= Ta 


As @ varies, the ratio 6./b,) will, in general, take on different values with the maximum and 
minimum values given by 


R+R 


This is illustrated in figure 9. 


By performing the indicated operations one obtains the result: 


1 min R BD AC* 
RR AD—BC 


In practice, however, it ts 











FicureE 9. Diagram giving relationship between 


R, R., and 


bys 


which is observed. If the maximum and minimum values are approximately equal it can 


P; P, b 
( p.) —( P. dain Miles 


be easily shown that: 


max 


P; 
4 ( P, ) 


P; ar 
( a P.) ny 
P 3 

()), 


BD*— AC* BD*—AC* 


AD— BC BC 
AD - 1 AD 


Now, by definition, 


; BD*—AC* 


vik: 4p (1- al) (1— 


ol: _— ha 
and by hypothesis BD*—AC*| is small so that i= De Therefore, 


Bi? BC _|cP 
A| AD’ |D 


Substitution of eq (20) into eqs (18) and (19) yields: 


Equation (21) thus gives e in terms of the measurable quantities p, k,, and ky. 
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7.2. Evaluation of Error Limits for k, and k, 


The experimental error, in determining k,; and k,, may be divided into contributions from 
two sources: (1) the error due to a nonzero e, and (2) the error which accrues from the uncer- 
tainty in the associated values of P,, P;, and P;. The error in k, and k, will also depend, to a 
considerable degree, upon which two of the three possible calibration procedures are employed. 

In order to include the various possibilities, it is useful to outline the investigation in the 
following manner 

The two steps employed in the calibration procedure will be designated as “‘step a” and 
“step Moke 

Step @ may be either of steps 1 and 2 as listed in section 5, but not step % 

Step bh mav be either of steps 2 and 3 but not step Ls 

Steps a and 6 may not represent step 2 simultaneously. 

It should be noted that the introduction of these definitions involves no loss in generality. 
In the equations which follow, the subscripts “a’’ and “6” will be employed. For example, 
P., represents the power absorbed by the detector on arm 3 during step 6 of the calibration 
procedure etc 

a. Error in k; Due to « 


Subject to these definitions, the following equation is obtained for / 


P,P 4¢—P 2aP p+ 2€(VPaP a? 29008 0. —VPapP xP ga COS 8 
el ee Oe 


The limit of error, /., due to ¢ is thus given by: 


2 VPuPuPutyPuPuPul 
PsP »—PxP 


Use of the approximations, 


Po~kyPa—keP 3 
Py» =k Py—keP 3 


and rearranging vields: 
1. [PuPo 
Ze |Prq Vis 
| \ Pa | Pal» 
a 


kP3q Pls 
( ) 


VEPa\ UT VP LPs 


since in general, 


b. Error in k; Due to P», P;, P; 


If the terms in ¢ are ignored, eq (22) may be written: 


P,, PP 
P.. PuPs 
1 Pral?ay 

P,P 


When step 2 is included in the calibration procedure, one of the numerator terms must, ideally, 


vanish since either ?,,=0 or P,,=0. Then, because the denominator is essentially equal to 
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unity, the experimental error in /, is primarily that in the remaining numerator term, 
If the calibration is effected by means of steps 1 and 3, the conditions 


koP 3q° ‘ kiP sq 


MiP iy * koPs, 
are usually satisfied. In this case it can be easily shown that 


Pa. Pua 
Fe PP» 


and the error in /, is essentially that in P4/P 4. 

The limit of error in P,,/P,, will be the sum of the errors in the individual terms. The 
term 7, is usually determined by a “standard’’ power meter and the errors will be of both 
random and systematic types such as those due to instability and uncertainty in calibration. 
Conversely, the errors in P,, will be only of the random type, since any systematic error may be 
included in the definition of k;. Thus when f, is determined by step 1 and either of steps 2 or 3 
the limiting uncertainty, /, in k, (due to errors in P;, P3, Py), may be written: 


6Paal, 


Pu 


In the case where kis to be determined by the use of steps 2 and 3, k, is given by the 
equation: 
— PraP» 
PraP sp, 
»— Pal? 
PuP sp 
Again, the error is determined primarily by the numerator. But now there are three terms 
which are subject to random error, and one, ?,,, in which the errors are both random and system- 
atic. This expression is also subject to another type of error because the condition, 72,0, 
which leads to its use, is never completely satisfied.’ This is due to the inability to construct 
a perfectly reflecting short. For the sake of brevity, an intuitive rather than analytical treat- 
ment of this error will be given. 
Consider eq (26). The value of this expression must remain invariant when the perfect 
“short” is replaced by an imperfect one. Thus the change from a zero to nonzero value for 


the first numerator term must be reflected by a corresponding, and very nearly equal, change 
in the second term. This change will occur in, and only in, the factors P;, and P,, since the 
factors P,,, P;, pertain to the other part of the calibration procedure. Now the ratio P3q/P4_ is 


approximately * proportional to T,\?, where I, is the reflection coefficient of the short. Thus 


it is appropriate to replace eq (28) by: 


1 PrePo» 

T,|? Puls 
PuP 

 PeeP a 


| 


The limit of error in &, for this case is thus: 


6Po| , |6P3.|_, |8P sal , |b Paa 


E, =| | : 
lp Pes “7 Pi. Kg Pre T Pu 


’ The inability to satisfy this condition also results in an error when step 1 is included in the calibration procedure In this case, | 
contribution from this source is negligible 
* This relationship is exact if B=C=0 
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Comparison with eq (27) indicates that the expected error in a determination of k,, using steps 
2 and 3, is considerably in excess of that which results when step 1 is included in the procedure. 
This bears out the earlier statement concerning the desirability of including in the calibration 
procedure those steps which correspond to the intended usage. (Note that if only terminating 
applications are planned, the lower accuracy in k, is not too important because k,P, is typically 
no more than a few percent of k,P3.) 


In summary, the uncertainty in k,, |6k,|/k,, is given by: 


where 


30 et Pe ee ee PrP a 
=| ifn \ P, p,, + higher order terms in VPP, ) 
SP... 


7 P., 


using steps | and 2 or steps 1 and 3; 


5P | , |6Pso| , |6Psql , |6Poe| , \6\Ts|? 
P| Psp Pq Pa ra 


using steps 2 and 3; and 
P. P, 
( P, We p.) 
P, 
(p.)., 


In an entirely analogous manner it can be shown that the maximum error in ky, 6h 
given by 


min 


where 


o fk “(1 P Ps hiet ‘r order terms 1 Pals ) 
2\ keoP»y \ Pu Ps» Ihe ( erm UN P, P 
bP», bP, 

he 


using steps | and 3 o1 steps 2 and 3: and 


6Py Ae 6P, 
Py — Ps 


using steps | and 2 


7.3. Evaluation of ols and ar 


The terms 6P;/P; and 6P,/P, (eq (14)) represent the random errors in P;, P, during the 
measurement procedure. These errors will in general be equal, but in addition to, the errors 
bP, Ps, ete., observed during the the calibration. 


7.4. Summary of Frrors 


By use of the preceding theory it is thus possible to set limits to the error terms introduced 


in eq (14). The necessary relations are summarized in the preceding paragraph and by eas 
Lv), X20 7 


97), (30). (31), (32), (33). (34), (35), and (36). 
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Finally, if the recommendations as to choice of calibration procedures are followed, and 
the conditions |B ~\C'~0 are satisfied, these relations for both applications may be sum- 
marized by the approximate formula: 


6P, 6P2,| , |6P.| , |6Pm 
“ med r| oT + % - ) + > 
P, a P, ry a 
where the following definitions apply: 
lr. reflection coefficient of power standard employed in calibration procedure, 


r’,, =reflection coefficient of load in feed-through application, or input reflection coefficient of 
device in terminating application, 


error in “standard”? power meter employed for calibration, 


P random error in detector P, in feed-through application, or P; in terminating application, 
during calibration procedure, 


6P, 


Pp as above except during measurement procedure. 


In many cases the errors 
. éP. bP 
P. and P, 
will be nominally equal. However, if the application calls for a significant difference in power 
levels during the calibration and measurement procedures, there may be some difference in 
these terms. 

Equation (37) is a convenient “rule of thumb” for many of the anticipated applications. 
However, where more precise limits of error are required, the more exact equations should be 
employed. 

This error analysis has been limited to the power measurement application. A similar 
analysis for the adjustable reflection coefficient application is beyond the scope of this paper 
although it may be anticipated that this would be a comparatively simple extension of the 
“conventional” reflectometer error analysis.  [6, 7] 


8. Summary 


The preceeding sections have given the theoretical and practical details for an instrument 
which, when properly adjusted and calibrated, can be used as either a feed-through, or variable 
impedance terminating type power meter. As a feed-through device, the net power to a load 
of arbitrary impedance is obtained. In the terminating application, the net power absorbed 
is indicated and this is independent of the input impedance value to which it has been adjusted. 

Impedance measurements and mismatch error corrections represent a burdensome and 
annoying aspect of the current power measurements art. As noted earlier, it is reasonably 
safe to say that the failure to apply, or ignorance of, these corrections represents a major 
source of error. 

The techniques presented and developed in this paper contain the potential for a significant 
improvement: both in terms of simplifying the measurement procedure and providing im- 
proved accuracy. 

In the existing art, however, there are a number of practical problems associated with 
the implementations of these ideas, such as the time consuming nature of the tuner adjustments. 
Thus there is room for a considerable amount of developmental work in the reduction of these 
ideas to practice—both in the areas of microwave hardware and associated instrumentation. 
The important point is that it is now possible (in principle) to construct a microwave power 
meter which all but eliminates the need for these awkward mismatch error measurements and 
corrections. 
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A Laser With a Multihole Diaphragm 


Tadashi Morokuma* 


(October 21, 1963) 


The properties of a laser with a multihole diaphragm were both theoretically and 


experimentally examined. 


This laser may be called a multibeam laser. 


Laser action was 


observed in the optical paths which were defined by the position of the holes and the cavity 


configuration. 


1. Introduction 


In order to use continuous wave lasers for inter- | 


ferometric length measurement, their wavelengths 
should be stable enough to secure the required 
accuracy. The stability of a helium-neon laser has 
been intensively studied by Javan et al., [1, 2]. 
They have obtained short-term stability to better 
than two parts in 10° by isolating their lasers 
from mechanical vibration, and, they were able to 
reset the wavelength with an accuracy of one part 
in 10°. Gould [3] proposed to use the pulling 
effect for stabilization. A different approach has 
been pursued in this laboratory by placing a multi- 
hole diaphragm inside the confocal cavity of a 
laser. 

The interesting phenomena found in the beams 
of the laser and also a possible method for stabili- 
zation will be described. The laser is provided with 
a diaphragm containing five circular holes; four of 
them are symmetrically located around a central 
one. The diaphragm is placed inside the cavity 
and in front of the one of the cavity mirrors. It 
is possible to obtain laser action so that one beam 
travels back and forth through the central hole 
on the axis of the cavity. The other two beams 
travel diagonally through the top and bottom holes, 
and the two side holes, respectively. Five bright 
round spots have been observed on the mirror that 
is covered with the diaphragm and a larger spot 
with interference fringes on the other mirror. 

This laser essentially consists of three sublasers 
with common cavity mirrors. Their wavelengths 
are determined by the effective cavity spacings 
corresponding to the optical paths for one transit of 
each beam in the cavity. According to the resonance 
condition of a confocal cavity [4], it is possible for the 
oscillation in each beam to take place at several 
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Interference fringes were observed on one of the cavity mirrors. 
length dependent interaction among the beams was observed. It is 
wavelength of a beam can be stabilized by the intensities of the other beams. 
method will be proposed for the stabilization. 


A wave- 
believed that the 
A possible 


discrete wavelengths separated by a mode spacing 
of the cavity. Fabry-Perot rings, however, show 
interaction among the beams so that the oscillation 
at certain wavelengths is suppressed. Therefore, 
the wavelength relation is more complicated than 
expected. 

It was possible for the laser to satisfy the necessary 
conditions for the wavelength stabilization by the 
use of a suitable diaphragm, and by the adjustment 
of its position and the excitation power. 


2. Modes of Oscillation 


The 1-m laser used in this laboratory is composed 
of an 80-cm discharge tube and a multihole dia- 
phragm that is located close to one of the cavity 


mirrors. The discharge tube contains a mixture of 
1 mm Hg of helium and 0.1 mm Hg of neon. The 
maximum gain of the tube is about 5 percent per pass 
at 1.152 yp. 

The schematic diagram of the laser and a photo- 
graph of the diaphragm are shown in figures la and b. 
The beam is elliptical in shape, approximately 10 
mm along one axis and 8 mm along the other. This 
distortion is due to an aberration in the Brewster’s 
angle windows. The central hole was purposely 
made smaller than the outer holes so that the larger 
diffraction loss due to the smaller opening would 
compensate for the larger gain of the central beam. 
Thus, each of the three beams can be operated in a 
single mode with the intensities almost equal to each 
other. The diameter of the holes and spacings should 
be determined by several factors, such as the gain, 
the diameter of a discharge tube, the aberration of 
windows or mirrors, ete. The modes of oscillations 
are shown schematically in figure 2. The frequencies 
of the beams are given by 


Ff 


° 


for beam 1 





for beam 2 


for beam 3 


where V,, N,, and NN, are order numbers (integers), 
d,, d,, and dy are optical paths between the cavity 

mirrors, and ¢ is the velocity of light. 
The modes of outer beams 2 and 3 will be called 
In. Schematic diagram of a laser with a multihole | even modes when N, and N, are even and odd modes 
diaphragm, D when they are odd. In case of an ideal confocal 
cavity, the optical paths d,, d,, and ds are all the 
same so that /; and f, are equal and the frequencies 
of the even modes of the outer beams are equal to 
those of the central beam. If there is an aberration 
within the cavity, however, the three frequencies 
may be slightly different from each other. ‘This will 
play an important role in the discussion of the wave- 

length relation, as is described later. 


3. Mode Pattern 


Since a diaphragm is placed in front of only one of 
the cavity mirrors, symmetrical intensity distribu- 
tion, as described in Fox and Li’s theory, [5] cannot be 
expected. In other words, five bright spots are 
observed on the same mirror, and a large spot with 
interference patterns is observed on the other mirror. 
The five spots are shown in figure 3. The inter- 
ference patterns are shown in figures 6, 7, and 8. 


3.1. Central Beam 


Figure 4 shows the beam on mirror M, when the 
outer holes are blocked. This photograph was taken 
with a low excitation power so that higher order 





FiGurRE lb. Photograph of the diaphragm. 


M,,M> MIRRORS 

D DIAPHRAGM 

| —— CENTRAL BEAM 
- TOP & BOTTOM BEAM 
— SIDE BEAM 


Figure 3. Cross section of the beams on mirror M,, with 
diaphragm as shown in figure 2. 


The patterns which are seen in the photograph are produced in the image 
converter used in this experiment They are not inherent in the beam. 
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FIGURE 2 s of oscillation. 








FigurE 5. Optics of a two-beam laser. 


Ficgure 4. Cross section of the central beam on mirror M2, with 


diaphragm as shown in figure 5. 


modes did not appear. The cross section of the 
elliptical beam is about 4.8 mm along one axis and 
2.9 mm along the other. This cross section is much 
larger than that of the central beam in figure 3, 
which measures 0.9 mm in diameter. In figure 4, of 
course, no fringe pattern is observed.’ 

These spot sizes can be calculated with a theory 
similar to Fox and Li’s [5}. 


3.2. Outer Beams 


Consideration will be given first to the case of two 
holes and then to the case of four holes. The ob- ; Ag 
served fringe patterns can be explained as the result | FicuRe 6. Fringes — rved on mirror M:, with diaphragm as 
of interference between two or four spherical wave res 
fronts. 
a. Two Holes 


When the central and the two side holes are 
blocked, two beams are observed coming out of the 
laser in different directions, as shown in figure 5. 
Figure 6 shows interference fringes observed on M, 
when the excitation power is decreased until single 
mode operation is salleread, The spacing, s, of the 
fringes is given by s=d)/a, where a is the distance 
between the holes, d the mirror separation and \ 
the wavelength. In the case d=1m, \=1.15y, 
and a=3.1 mm, the spacing is0.37 mm. This agrees 
with the spacing measured on figure 6. It is to be 
noted that a bright fringe is observed on the axis of 
the cavity for an even mode and a dark fringe for an 
odd mode. Since the phase difference between the 
two beams is +N, on mirror M, from eq (2), it 
becomes 2nm radians for an even mode (N,~even) 
and (2n+1) w radians for an odd mode (N,=odd). 
In this case n is an integer. These two fringe pat- 
terns intermesh with each other. Consequently, no 
fringes will be observed when even and odd modes 
are coexistent and their intensities are exactly equal. 
Figure 7 shows the intermeshed fringe patterns 
observed in the case of multimode operation. FicurE 7. Intermeshed fringe patterns. 
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(c) 


FIGURE 8 


Fringe s observed on mirror Mp, with diaphragm as shown in figure 9. 


i) Fringes between beams 1 and 2, 
b) fringes between beams 3 and 4, 


superposition of 


b. Four Holes—The Superposition and the Interference cf Two 
Sets of Fringes 


One of the interference patterns is shown in figure 
Se. It is obtained by superimposing the fringe pat- 
tern of figure Sa on the one of figure Sb. The pattern 
in figure Sa is the same as that in figure 6. Another 
pattern that has been observed is composed of bright 
spots. This pattern is very unstable and remains 
stationary for only a few seconds. (See the discus- 
sion pertaining to figure 11.) The intensity distri- 
bution of these patterns can be easily explained by 
assuming that the wave fronts of the four beams are 
replaced by plane wave fronts propagating in the 
directions connecting the center of curvature of 
mirror M, and the centers of the holes, as shown in 
figure 9. In the z-y plane, which is tangential to 


4) upon (b 


mirror M., with the origin of the coordinates on the 
optical axis, the four beams can be represented in the 
following forms: 


A,=exp 7(w,t—k,ax/2d,) for beam 1. 


) 


A, =exp i(wt+-k,axr/2d for beam 2. 


ksby/2d.+y) for beam 3. 


/ 


kby/2d,+-+ +B) for beam 4. 


/ 


A,=C exp 1(wot 
A,=C exp i(cost 


Here k; and k, are given by k;=22/A; and k,=27/)y, 
where A, and ), are wavelengths; @, and w are angular 
frequencies; a and 6, the spacings between holes; 
a and 8, the phase differences between beams 1 and 2, 
and beams 3 and 4, respectively. C is the amplitude 
ratio between A; and A;. The origin of time, ¢, is 








FIGURE 9. Optics of a four-beam laser. 


chosen so that the phase angle of beam 1 is equal to 
zero at z=0. The initial phase angle of beam 3 is 
then given by y at y=0. 
and 6 should be 2nm or (2n+-1) w radians, as previ- 
ously described, corresponding to even or odd modes. 
The intensity distribution is 


I(r, y)ac (cos? (kyax!/2d,4-a/2) 
+ C? cos? (kyby/2d.4-B/2) 
when \,#Ao, and 


I(x, y)c {cos*® (kax/2d,+ a/2) 
+-C? cos? (kby/2d,+ 8/2) 


+-20 cos (kaxr/2d,+a/2) cos (kby/2d, 


+ 8/2) cos (a/2—B/2—y)} 


when \;=A\,.=A, and /=27/\. Spacings d; and d, 
are almost equal to the spacing dy on the axis and the 
difference is less than \/2. Therefore, they can be 
replaced by dy in the above equations. Then 
I(x, y)c {cos® (kyax/2d)+ a/2) 

+ C? cos® (kyby/2d)+ 8/2) (4) 
when \,;~),. and 
I(x, yx { cos’ (kax/2d,+ a/2) 

+-C? cos? (kby/2d)+ 8/2) 
+20 cos (kaxr/2d)+-a/2) cos (kby/2do 

+- 8/2) cos (a/2—B/2—y)} (5) 
when \i\==A. Figure 10 shows the intensity 
distribution calculated from eq (4) for \=1.152 uy, 
d=1m,a=3.1 mm,6=4.1 mm,and C=1. The max- 
imum intensity is normalized to 1.0 in the drawing. 
This is the case where the two patterns are simply 
overlapped without interference between them. 

When \, is exactly equal to \», two kinds of pat- 

terns have been observed. One pattern has the 
same distribution as shown in figure 10 and is given 
by eq (5) when cos (a/2—8/2—y)=0. The theoret- 
ical distribution of another pattern is shown in 


It is to be noted that a | 








Theoretical intensity distribution of fringes 
Ai dz Or cos (a/2—B/2—y)=0 at \;=do. 


when 


figure 11. 
and dark lines. They are obtained when cos (a/2 
— B/2—y)=+1 in eq (5). 

A possible explanation for this is as follows: In 
the volume that beams occupy in common, they 
interact with each other. In other words, the 
photon in one pair of beams stimulate the laser 
oscillation in another pair of beams. Therefore, the 
phase difference would be zero, on the assumption 
that stimulated radiation is in phase with the incident 
radiation. When both pairs of beams are either in 
even or in odd modes, the cosine term is equal to 
unity; that is, cos (a/2—8/2-y)=+1. If one pair of 
beams is in an even mode and another pair in an odd 
mode, the term vanishes; that is, cos (a/2—6/2~7)=0 
The experimental results are not sufficient to prove 
the validity of the above statements and further 
investigation is necessary. 


This pattern is composed of bright spots 


4. Wavelength Relation 


A wavelength dependent interaction of one beam 
on the others has been found by means of a Fabry- 
Perot etalon. Although the diameter of the central 
hole was purposely made smaller than the outer 
holes, the central beam is more intense than the 
other beams. The even modes of the outer beams 














FIGURE 11 Theoretical 


\ \ 


ntensity distribution of when 


and Cos 2 B/2 Y 1. 


fringes 


a 


Since 


could not be observed at low excitation power. 
every beam passes a common space at one end of the 


cavity, the gain for the modes becomes lower than 
the threshold due to the high density of photons in 
the central beam. Hence at low excitation level, 
it is possible for outer beams to have only odd modes 
separated by 150 Me/s for a t-m confocal cavity. 
Also interaction beams results in the 
suppression of modes in one beam by 
another. 


2 
between outer 


odd 


some 


4.1. Experimental Arrangement 


In order to study the wavelength relation among 
the beams, Fabry-Perot etalons are used as shown in 
figure 12. The first lens Z,, is focused on mirror 
M,. A spherical wave front from a point source on 
M, becomes a plane wave front, passing through 
either a I-m a 50-cm Fabry-Perot etalon, then 
through the second lens, L.. Haidinger fringes are 
formed on its focal plane, and the surface of mirror 
M, is also imaged on the same plane. Therefore, 
the Haidinger fringes are modulated by the image 
of a pattern on My. A given set of fringes identifies 
the location of the beams. either by a visual or a 
photographic method. For example, if a set of 
fringes is composed of continuous rings with even 


or 
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FABRY-PEROT ETALON 
50 CM or IOOCM 


L,: f=30cm Lo: f= 130 cm 


|: IMAGE CONVERTER 


FIGURE 12. Optical arrangement to study the wavelength 


relation. 


distribution of intensity, these fringes are formed by 
the central beam. If fringes are broken vertically 
with dark parallel lines equally spaced, these fringes 
are formed by the side beams. 

No attempt was made to eliminate the feedback 
of photons from the etalon to the laser. 


4.2. Experimental Results 
Fabry-Perot etalon 

Haidinger fringes of all the even 
approximately the same diameters, appear to be 
superimposed on each other. Those of the odd 
modes are similarly superimposed with their bright 
fringes between the bright fringes of the even modes. 


When a 1-m is used, the 


modes, having 


a. Interaction 

When the laser tube is excited with low energy, the 
central beam can suppress oscillation in the even 
modes of the outer beams, as previously described. 
Figure 13a shows fringes obtained when only the top 
and bottom holes are open. Both even and odd 
modes are clearly seen in figure 13a, which shows the 
phase shift equal to 7 radians between them. 

If the central hole is opened, without changing 
other conditions, one set of the broken fringes of even 
modes changes into a set of continuous fringes but 
another set remains broken as shown in figure 13b. 
This result shows the suppression of oscillation in the 
even modes of the outer beams by the central beam. 
In other words, the gain for these modes reduces below 
the threshold because neon atoms are partly used to 
emit the photons of the central beam. Interaction 
between the two pairs of outer beams is not so distinct 
as is that between the central beam and the outer 
beam. It may be useful to evalute the intensity of 
the beams in order to understand the interaction. 
In case of a single beam laser, intensity is approxi- 
mately proportional to the value G—g". Here Gand 
g are the gain per pass before and after laser action. 
Therefore, gain g can be written in the form g= 
G—hI, where h isa constant and J the intensity of the 
beam inside the cavity. In case of a three-beam 
laser, the following assumption may be made for a 
si nple treatment. 

In portion A, of the tube figure the three 
beims have common volume and interaction takes 
place. Beams 2 and 3 are degenerate in frequency 
and intensity. In portion B, they take different 
paths, therefore no interaction occurs. 





If the lengths of portions A and B are given by 
al and (1—a)l, respectively, / being the total length 
of the tube, the gain for beam 1 is given by 


qa=(1- a)(G—hl,)+ai G—h(,4+2], 
G—hI,—2ahl,. 


Here a will be called a coupling constant. Subscript 
1 denotes the central beam; subscript 2 denotes the 
outer beams. 

For beams 2 and 3, the gain is given by 


J2 G ahT, (1+ ahs. 


Now assume that laser oscillation takes place in 
all of the beams. Gains g, and g, will decrease as 
intensities J; and /, increase. They will become 
equal to the total energy losses L, and L, respectively, 
after the oscillation reaches equilibrium, that is 





G—hI,—2eahl, 
G—ahI,—(1+a)hI 


for beam 1 


9 for beams 2 and 3. 
Solving the above equations, intensities J; and 
I, are given by 


T,={(+a)J,—2ade /a—a@)(l 


I,= (J2—aed;)/(1—a) (1 +2) 
where J;=(G—L,)/h, and J2=(G—L,)/h. Since in- 
tensity is positive, the following relation should be 
held 
llaS>d,/J. 


2a/(1+ a) 


l/a >(@G—L,)/(G@—L.) >2a/(1 


When (G—L,)/(@—L,) >1/a, the laser action takes 
place only in the central beam, with the intensity 
given by 


I, (G L,) h. 





On the other hand, the action takes place in outer 


beams 2 and 3, with the intensity given by 
Haidinger fringes with a 1-m Fabry-Perot etalon. 
| bottom holes are open and in (b), the central hole is also open. 


[.) (1- a)h 


when (G Di) (G— I.) <2a (1+ a). Figure 15 shows 
the criteria given by the above inequalities. Oscil- 
lation takes place only in the central beam when 
J,/J. falls in region (a). It takes place in all the 
beams when JJ,/J> falls in region (b), and in beams 2 
and 3 when J;/-J2 falls in region (c). 

The value of @ is approximately 0.6 for the laser 
used in thisexperiment. Therefore, (@—L,)/(@— Lp») 
should be larger than 1.67 in order to make .J,/-J2 
fall in region (a) and thus suppress oscillation in 
the outer beams by the central beam. In the case 
of a five beam laser, similar treatment may be ap- 
plied by using different values of a for each pair of 
FIGURE 14 Volumes A and B, with and without interaction of beams, also by using different values of J. If the 

Lees it @ taren-benis ince. " | coupling constants are all the same, the intensities 
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a 


Figure 15. Range of J,/J2 versus coupling constant a. 
1 exists; in (b) the central and all cuter 


y the outer beams exist 


region (a) only the central bean 
weams exist; and in (c) or 


of the beams are given by 


I (14+-3a)eJ; 
I, 2a+1)J2 


| C 11).J 


Z2ad. 


2aJd 
2aeJ 


2ad, ( ] 
ad | ( ] 
aed | 


+4a) 
a)(1+4a) 
(l—a)(1+4a). 


a)(1 


Here, the subscripts 2 and 3 represent the top and 
bottom beams and the side beams respectively. 
From the above equations, the following condition 
is necessary to suppress the oscillation in the outer 
beams: 


] a2. 1 ade T eds). 


b. Wavelength Relation 


It is possible to adjust a five-beam laser so that 
single mode operation is achieved in each beam when 
the wavelength of the central beam lies approxi- 
mately at the center of Doppler distribution. Figure 
16 shows the Haidinger fringes obtained with a 50-cm 
Fabry-Perot etalon arranged similarly to the optical 
system in figure 12. The wavelengths are all differ- 
ent and the central beam is located between the 
outer beams. The wavelength separation between 
adjacent fringes is found to be approximately 
2.5107 em~', equal to the mode separation of the 
outer beams. Figure 17 shows the mode relation 
between beams and the gain distribution of the laser 
tube with respect to wavelength, X. 

LL, and L, are, respectively, the total energy losses 
in the central and outer beams. In the central 
recion, 4, the net gain, G—L,, of the central beam 
is much higher than those of the outer beams, so 
that oscillation cannot take place in these beams. 
In the region, B, no mode exists in the central beam 
and interaction is observed only between the outer 
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Figure 16. Haidinger fringes showing single-mode operation 


in each beam. 











CENTRAL BEAM 
SIDE BEAMS 
TOP & BOTTOM BEAMS 


FiGuRE 17. Mode relation and gain distribution with respect 
to the wavelength corresponding to the fringes in figure 16. 
The region A corresponds to the mode of the central beam and the even modes 


of the outer beams. The regions B and C correspond to the odd modes of the 
outer beams 


beams. If J3/J2> (ae3+1)/2a.;, the oscillation in the 
top and bottom beams is suppressed by the side 
beams. Here J, and J; are defined in the same way 
as in the previous section and a; is the coupling 
constant between the two outer beams. The situa- 
tion is reversed in the region C and oscillation takes 
place only in the top and bottom beams. When the 
effective cavity spacing changes due to, for example, 
the heat developed inside the tube, the wavelength 
relation changes as shown in figure 18. Here two 
modes are seen in the central beam and the modes 
of the outer beams lie in between, with approxi- 
mately the same wavelength. The wavelength 
relation between these modes and the gain distribu- 
tion are shown in figure 19. In region A, the ratio 
of J;/J, is nearly equal to unity, so that both modes 
exist. In regions B and C only the central beam 
exists, 





FIGURE 18. Haidinger fringes showina two-mode operation in 


the central beam. 


mt 




















CENTRAL BEAM 
SIDE BEAMS 
TOP & BOTTOM BEAMS 
FiGurE 19. Mode relation and gain distribution corresponding 
to fringes in figure 18. 
The region A corresponds to the odd modes of the outer beams. The region 


B and C correspond to the modes of the central beam and the even modes of 
the outer beams 


5. Wavelength Stabilization 


[t is possible for the laser to satisfy the following 
conditions by the use of a suitable diaphragm, and 
by the adjustment of both the position of the dia- 
phragm and of the excitation energy for the laser 
medium. 

1. The threshold value for the central beam must 


be low enough to supress the oscillation in the outer | 


beams at the wavelengths almost equal to those of 
the outer beams. 

2. This threshold value must be high enough so 
that single mode operation is attained when one of 


the modes is located approximately at the center of | 


the laser line. 

3. The outer beams must be kept in single modes, 
regardless of the change in the cavity spacing at 
least up to half a wavelength. 
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FiGguRE 20a. Intensity variation versus cavity spacing. 


FicurRE 20b. Mode relations at the spacings marked in (a). 


4. The intensities of the outer beams must 
vanish at the same time. 

These conditions are necessary to enable the outer 
beams to stabilize the wavelength of the central 
beam. 

When the wavelength from a five-beam laser, with 
each beam in single mode, are located as shown in 
figure 17, the intensity of the side beams (3) in 
figure 2 increases and that of the top and bottom 
beams (2) decreases with a slight increase of the 
cavity spacing. They will change in a reverse 
manner with a slight decrease of the spacing. 
Figure 20a schematically shows the intensity varia- 
tions with respect to the spacing, d. 

This variation may be understood from figure 20b 
which shows the relations among the wavelengths, 
the gain distribution, and the threshold value, L, for 
the outer beams, at various spacings marked in figure 
20a. Both intensities become equal at A and D. 
Between A and D, one of them is more intense than 
the other and this relation is reversed in the region 
between D and G. This effect can therefore be used 
to keep the spacing at A or G by means of a negative 
feedback. Thus the wavelength of the central beam 
can be kept approximately at the center of the gain 
distribution, if the spacing of the cavity is controlled 


not 





to be held at A. A phase plate can be inserted within 
the cavity, instead of making use of aberration in the 
Brewster’s angle windows, in order to produce the 
mode relation shown in figure 20b. In this case, it is 
possible to bring the wavelength to the center of the 
Doppler distribution with either optical or electronic 
The reproducibility of the wavelength 
depends mainly upon the intensities of the beams. 
In this respect, a further experiment is to be carried 
out, 


means 


The author expresses liis sincere thanks to K. F. 
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A consideration of the factors that 


tend 
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to prevent attainment of thermal and ther- 


modynamie equilibrium during thermometric methods of purity analysis suggests that the 


originate 
a freezing or melting cycle, 


problems largely 
During either 


from spontaneously 
the solid phase settles in the liquid. 


introduced inequalities in composition. 


This results 


in a greater average purity in the bottom than in the upper part of the vessel. The effects 
would be particularly strong during a melting sequence where the liquid released by melt- 
ing of the solid would provide the compositional environment for the establishment of final 


temperature. 


This hypothesis has been tested by the design of a new cell for small samples. 


The design incorporates use of small gold pans to hold solid and liquid in close contact. 


The results are comparable in precision to those 


with much larger samples, 


1. Introduction 


Cryometric techniques capable of accurate de- 
terminations of purity have been developed. When 
samples as large as 40 to 100 ml are used, the pro- 
cedures available at the present time reduce suc- 
cessfully the errors resulting from imperfect 
attainment of equilibrium, both thermal and thermo- 
dynamic. These errors become progressively larger, 
however, with decreasing size of the sample. It was 
our purpose in this investigation to analyze the 
errors that persist in the ordinary large scale de- 
terminations of purity and also to alter the procedures 
in such a way that sufficient accuracy could be 
attained even with drastically reduced samples. 


2. Principles 


When a system is surrounded by, but relatively 
well-insulated from, a constant-temperature environ- 
ment, the rate of loss or gain of heat by the system 
will be essentially constant, providing the difference 
in temperature between the system and the environ- 
ment is very large with respect to the temperature 
change taking place within the test system. If there 
are no chemical reactions or phase transitions, the 
temperature of the system will change at a rate 
inversely proportional to the product of the specific 
heat of the system and the mass. In cryometry the 
system consists of a sample contained in a closed 
cell. As long as the sample is completely liquified, 
or fully solidified, the above relationship holds. 
However, when freezing or melting begins, the rate 
of change in temperature will be reduced because 
of the latent heat of the sample. 

As long as compositional, thermal, and thermo- 
dynamic equilibrium are maintained and nothing 
occurs to disturb the uniform loss of heat from the 





from conventional time-te mperature curves 


a condition not orcinarily possible with small samples. 


sample container to its environment, the curve of 
temperature as a function of time during a freezing 
or melting sequence will be close to the hyperbolic 
form. One asymptote of this hyperbola will corre- 
spond to the melting point of the pure substance, and 
the other asymptote will represent the cooling rate 
of the solidified sample and the cell. <A slight 
imperfection in the hyperbola is caused by the fact 
that the specific heat contribution during freezing is 
influenced proportionally by the specific heat of 
both the portion of the sample that is liquid and the 
portion that is solid. When the form of this hy- 
perbola has been established, the intersection of the 
curve with the liquid line gives the melting point of 
the actual sample. The difference between freezing 
temperature of the sample and the calculated freezing 
point of the pure material is proportional to the mole 
fraction of impurity in the sample. 
Influences that decrease the accuracy of this 
method during a freezing sequence are as follows: 
Crystallization does not begin as soon as the 
freezing point is reached since some supercooling is 
unavoidable. Because of this supercooling, the 
rise in temperature after the onset of crystallization 
is not instantaneous and equilibrium temperature 
values are slowly approached. Since the heat from 
savesalinahinn is proportional to the amount of 
solid produced and this amount of solid is in turn 
approximately proportional to the second power of 
the supercooling, recovery can never be complete, 
and the rate of approach to equilibrium becomes 
progressively slower. A large part of the curve is 
affected, and the error is particularly serious with 
very pure samples. (2) As crystallization advances, 
the total volume of the sample decreases. This 
decreases the total surface of the sample capable of 
radiating heat to the surrounding space and causes 
temperatures during the latter part of the freezing 





experiment be high. (3) During crystallization 
some of the solid forms on the wall of the container. 
Since this is less heated by the release of latent heat, 
it becomes colder than the rest of the sample. 
From this effect, at later times in the run, the 
recorded temperatures will tend to be high. (4) 
In unstirred systems the distribution of the solid 
throughout the cell may markedly change the 
thermal conduction pattern throughout the freezing. 
Further, in stirred systems, an increasing proportion 
of solid in the solid- liquid mixture increases the 
resistance to stirring, causing the stirring energy to 
increase and the observed temperatures to be high. 

When the direction of this procedure is reversed, 
i.e., When a frozen sample is melted, there are a 
different group of factors which interfere with the 
accuracy of results. As we interpret the situation, 
these principal effects are as follows: (1) The solid, 
being more dense than its own liquid phase (except 
for ice and a few other materials) melts loose from 
the container and settles to the bottom. This is 
true even for stirred samples when stirring is achieved 
in the usual fashion. As a consequence, the heat 
sink created by the latent heat of fusion will be at 
the bottom of the container where the temperature 
will not rise above the equilibrium value. How- 
ever, in the upper parts of the sample there will 
be litthe or no solid phase and the temperature 
here will tend to be higher than the thermodynamic 
equilibrium temperature for the complete sample 
This eflect, present from the beginning of the melt, 
would tend to distort the hyperbolic curve as so 


to decrease the final estimate of the difference 


between the actual melting point of the sample and 
that of the pure material 
the segregation of solid and liquid, 
of the liquid phase is not homogeneous, unless the 


As a consequence of 
the composition 


process is run very slowly. Since the liquid im- 
mediately surrounding the pure solid must neces- 
sarily be more pure than the bulk liquid, the local 
equilibrium temperature between solid and liquid in 
the vicinity of the solid will be high. This effect 
also would decrease the apparent steepness of the 
observed melting curve and so decrease the estimate 
of impurity in the sample. While this difficulty can 
be minimized by employing extremely slow melting, 
errors Which result from the slower rate now tend 
to be more significant 3) Ordinary techniques of 
stirring are not a feasible means of achieving com- 
positional equilibrium since the solid is originally 
united in one piece and does not melt so as to fall 
apart. Inadequate stirring fails to abolish the 
inhomogeneity mentioned in (2) above. 

Most precision calorimeters used for the deter- 
mination of purity employ a metal vane system to 
provide temperature equality. calorimeters 
have vertical vanes all directed radially toward the 
thermometer well whereas others have parallel hori- 
zontal vanes normal to the axis of the well. The 
horizontal vane system would seem to be more suit- 
able in that the vanes tend to keep the solid suspended 
throughout the cell and in intimate contact with the 
liquid. With the vertical vanes it is at least con- 


Some 
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ceivable that all the solid would be at the bottom and 
all the liquid in the top portion of the well, making 
both thermal and compositional equality difficult to 
maintain. Even with the horizontal vanes there will 
be a tendency, during the contractions that accom- 
pany freezing, for the liquid to run off the upper 

vanes leaving the solid out of contact with the liquid 
during a significant amount of the freezing or melting 
process. 

The principal difference between these 
tems and that described in this paper lies in the 
construction of the horizontal vanes. Instead of 
being flat disks, they are pans, arranged on a central 
support. In operation, each pan holds its own vol- 
ume of material while maintaining thermal contact 
with the rest of the system throughout the central 
support. Now, despite volume changes, each pan 
represents in miniature what must be taking place in 
the other pans; each by holding both the solid and 
liquid phases in thin, horizontal sheets maintains good 
compositional and thermal contact. We anticipated 
that the experiments would confirm the attainment 
of a uniform solid-liquid equilibrium throughout the 
system during both freeze and subsequent melt. 


vane Sys- 


3. Apparatus 


In figure 1 is shown a portion of the cell, enough to 
illustrate the form and use of two of the pans. As 
represented, the sample is being melted. During the 
freezing process the sample contracts so that the 
space between the pans is no longer entirely filled. 
During the remelting, the liquid flows over the re- 
maining solid, submerging it without anywhere per- 
mitting a large separation between the liquid and the 
solid from which it has formed. 

The amount of sample used is such that, when all 
liquid is at its freezing point, the quantity of sample is 
just sufficient to cover the top pan. This corresponds 


to 145 ml of sample in our case. Figure 3 depicts the 







































































Ficure 1. 
rhe pans are m 


Section of cell showing two pans. 
ude from a soft gold sheet and are gold-soldered to the platinum 
support, 
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FiguRE 2. Photomacrograph of cell details, * 5.5. 

The cell has been filled with 1,2-dibromoethane (refractive index about 1.54) and 
immersed in the same liquid. This has limited distortions that would have 
been caused by the glass envelope (refractive index about 1.51) and sig- 
nificantly increased depth of focus. The inner surface of the glass tube is only 
dimly shown 
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FIGURE 3. 
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Cryometric cell and its container. 


A. Vacuum-tight seal of cell container and thermocouple leads. 
soft wax. 


Seal made with 


B. Thermocouple leads. 
C. Well for thermostating liquid. 
The glass envelope of the cell. 
=. Glass fiber to hold the cell in place. 
*. Outer vacuum jacket. 
i. Inner vacuum jacket. 
. Fused seal. Originally point at which cell was connected to transfer manifold. 
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Used to prevent heat leak down sides of wall. 


normal assembly of the cell in its container. A 1.5 
mm platinum rod, drilled so as to hold the thermo- 
couple, serves as the support for the pans. These 
pans are made from 0.0006 in. sheet gold and are 
gold-soldered to the platinum rod. The rod is sealed 
into the thin-walled, soft-glass cell as shown. An 
insulated, copper-constantan thermocouple (No. 36 
B & 5 wire) is inserted into the platinum support rod, 
and is secured to the rod with epoxy resin. ‘The only 
cell supports are the copper and constantan wires, 
which are sealed at point (A) as they leave the con- 
tainer. The cell is centered and restrained from 
large oscillations by a thin glass fibre cemented to the 
bottom of the cell and the bottom of the inner con- 
tainer. All the interior surfaces of the container are 
silvered, as is the outside of the cell. 

A water-ice triple-point cell is used to provide the 
reference junction temperature, and a thermally and 
electrically insulated potentiometer is used to bal- 
ance the junction emf. The signal from the poten- 
tiometer is amplified and recorded on a potentio- 
metric, strip-chart recorder. The amplifier and 
recording system have been previously described [{1}.! 


4. Experimental Procedure ” 


The thermocouple was calibrated by comparing 
the junction emf with the temperature as determined 
with a calibrated platinum resistance thermometer 
while both sensing devices were being used to record 
simultaneously the freezing curve of a 50 ml sample 
of benzene. The thermometric cell and experi- 
mental details of this calibration are described in 
reference [2]. 

The cell was then sealed into a glass transfer 
manifold similar to that described previously [2]. 
After thorough evacuation of the manifold, a de- 
gassed benzene sample was distilled into the cell. 
The sample was frozen by immersion of the cell in 
a cold bath, and the cell was removed from the 
manifold by flame-fusion at (H). 

The cell was assembled in its container as shown 
in figure 2, and the sample was frozen and cooled to 
—45 °C. Both of the vacuum jackets were evac- 
uated, and the container was transferred to a water 
bath whose temperature was held constant. The 
well (C) was filled with a water-ice mixture to prevent 
any heat leak down the container wall. 

The solid-warming rate was adjusted by varying 
the pressure in the two vacuum jackets. During 
the warming of the solid, time versus temperature 
recordings were made. The melting curves were re- 
corded automatically using the programming se- 
quences described in reference [2, 3]. One of the 
melting curves is shown in figure 4. 

The end result of the time-temperature melting 
(freezing) experiment is, of course, the determination 
of the purity of the sample. The analyst must 
determine two numbers: 7’, the freezing point of the 
particular sample, and 7, the freezing point of the 


1 Figures in brackets indicate the literature references at the end of this paper 
2 The experimental procedure described herein is specifically that used with 
the benzene samples but of course could be generalized to apply to any sample. 
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Figure 4. Programmed freezing curve. 
Position at which zero of recorder was automatically shifted. 
0.3 wv signal used to determine experimental sensitivity 
Automatic reduction of amplification 
Intercept of melting curve and liquid warming lin« 
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Melting curves obtained using the two types of small cell. 
wn purity of 99.7 
ments conduct in cell With pan 


conducting 


Benzene wit #; mole percent was used in both cells. Figures 5 (a,b,c.d) represent experi 
aped gold fins. Figure 5 (e,f,g) show experiments conducted ina cell without 
n these experiments the difference between 7; and Ty, is much more accurate than their 
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pure material. Under the assumptions made _ in 
section 2, the time-temperature melting curve is 
hyperbolic, where T, represents the intersection of 
the hyperbola with the liquid-warming curve and 
T,, represents the temperature corresponding to 
the horizontal asymptote of the hyperbola. One of 
the better ways of analyzing the experimental data 
lies in the direct comparison of the experimental 
curve with that of a mathematically exact hyperbola 
[4]. In this optical projection method, the math- 
ematically exact hyperbola is projected, by means of 
a photographic enlarger, upon the experimental 
curve. By increasing or decreasing the magnifica- 
tion and shifting parallel to the coordinates, the best 
fit is obtained. Sufficient information is projected 
with the hyperbola so that the analyst can determine 
both 7, and 7,. The optical projection technique 
was used on all the curves included in this paper. 
The real, experimental curve is shown as a continuous 
line, whereas the projected hyperbolic function is 
dotted. 

Two differrent samples of benzene were analyzed. 
In the first sample the purity as determined by the 
method described herein was compared with the purity 
as determined by time-temperature analysis using a 
50-ml sample [2, 3]. When the second sample was 
analyzed a portion of the sample was placed in the 
small, gold-vaned cell and another identical portion 
was distilled into an all-glass cell, similar in shape 
and size. The all-glass cell differed only in that the 
thermocouple well was of glass and in that there 
were no conducting vanes of any kind. The con- 
struction of this type of cell has been described by 
Skau [5]. 


5. Discussion and Results 


When the first sample was analyzed, two different 
thermal heads were used, namely 20 and 10 deg. 
The thermal head describes the difference in tem- 
perature between the constant-temperature warming 


bath and the melting point of the sample. The re- 
sults of these analyzes were, respectively, 99.98, 
and 99.98, mole percent. When 50 ml of the sample 
was analyzed thermometrically [3], the purity was 
calculated to be 99.97, mole percent. 

There was available for this work a sample of 
benzene contaminated with n-heptane. Inan IUPAC 
project on purity analysis, the purity of this par- 
ticular sample was known to be 99.79; mole percent. 
Four runs were made with a portion of this material 
in the gold-vaned cell, and three runs were made in 
the similar all-glass cell. A variety of thermal heads 


was employed. The curves are shown in figure 5. 
T; and T;, were independently determined on each 
curve; the difference between their numbers in each 
case is more accurate than the absolute value of either. 
It is evident that with the cell containing the vanes 
a larger portion of the melt is at temperatures 
represented by the assumed hyperbola and that the 
calculated purities correspond much more nearly to 
the reference value. A tabulation of these results 
is given in table 1. 

We believe that, within the limitations of the test, 
the gold-vaned cell and apparatus described are 
capable of approximately the same degree of accuracy 
as that obtainable from systems employing samples 
of much larger size. Further, the accuracy which 
appears to have been obtained with this apparatus 
is thought to be largely the result of the pan-shaped 
conducting vanes. We interpret this as a sub- 
stantiation of the principle of avoiding the transfer 
of liquid away from the solid from which it has 
melted. If this is correct, it would seem that the 
incorporation of the principle into larger adiabatic 
calorimeters would permit shorter equilibration times 
and result in the attainment of better thermodynamic 
equilibrium. : 


TABLE 1. Purity analysis of second benzene sample* 


Calculated values 
Cell * Thermal 
head 


Purity 





Mole % 
99. 793 
99. 779 
99. 849 
99. 768 
99. 659 
99. 399 
99. 239 


*Actual purity of sample was known to be 99.797 mole %. 
* Cell (1) is the gold-vaned one and (2) is the all-glass one. 
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The program at the National Bureau of Standards to establish reference tables of 
temperature versus emf for thermocouples of iridium-rhodium alloys versus iridium has been 


extended to cover all three of the currently used thermocouples of this type. 


In addition 


to the values published in 1962 for the 40 Ir-60 Rh versus Ir thermocouples, tables now are 


available for thermocouples of 60 Ir-40 Rh and 50 Ir-50 Rh versus Ir. 


These tables give 


emfs for temperatures in degrees Celsius from 0 to 2150 °C and in degrees Fahrenheit from 
32 to 3900 °F, and temperatures in these units with emf in millivolts as the argument. 

In addition to the reference tables for these thermocouples, temperature-emf relation- 
ships are presented for other alloys containing 10, 25, 75, and 90 percent iridium versus 


iridium. 


It appears from the information obtained on all of the alloy versus iridium combi- 


nations tested that the 50 Ir-50 Rh alloy versus iridium gives about the maximum thermal 
emf (12.2 millivolts at 2150 °C), and as a result may provide the optimum thermocouple 


combination of this type. 


1. Introduction 


A program to establish reference tables of thermal 
emf of a number of alloys of iridium and rhodium 
versus iridium has been in progress at the National 
Bureau of Standards for several years. Tables for 
40 percent iridium-60 percent rhodium versus 
iridium were published in 1962 [1].'. The present 
paper includes tables for all the other alloys of the 
series studied at NBS viz, 10, 25, 40, 50, 75, and 90 
percent rhodium.” 


2. Apparatus and Procedure 


The apparatus and procedure have been described 
previously [1]. Briefly, measurements of thermal 
emf were made at temperatures up to 2500 °F * 
(2000 °F in a few cases) using a conventional 
platinum-wound furnace. Temperatures in the 
furance were measured with a platinum-10 percent 
rhodium versus platinum thermocouple. Tempera- 
tures above the limit of this furnace were obtained 
in an iridium blackbody heated by electrical induc- 
tion. A conventional optical pyrometer, modified 
to permit finer adjustment of current through the 
lamp filament, was used to measure temperature. 
The calibration of the pyrometer gave temperature 
as a function of lamp current. 

Each thermocouple wire was annealed before testing 
by heating it electrically in air for about 1 min at 
approximately 400 °F below its melting point. 
The junction was welded in an oxyacetylene flame. 


1 Figures in brackets indicate the literature references at the end of this paper. 

2 For brevity, the expression ‘25 percent Rh,”’ for example, will be used to 
indicate a thermocouple in which the positive leg is 75 percent Ir-25 percent Rh, 
and the negative is iridium. 

3 Degrees F (Fahrenheit) are based on the International Temperature Scale 
of 1948. 
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3. Thermocouples 


Table 1 is a list of the thermocouples used, in 
order of increasing percentage of rhodium in the 
alloy leg. The letter in a thermocouple number 
designates the lot from which the wire was taken, 
and refers to a particular shipment received from 
the manufacturer. The first digit refers to the 
composition of the alloy as follows: 1 signifies 10 
percent; 2, 25 percent; 4, 40 percent; 5, 50 percent; 
7, 75 percent; and 9, 90 percent rhodium. ‘The last 
two digits are the wire diameter in thousandths of 
an inch. Three lots of wire (A, D, and F) were 
supplied by the Sigmund Cohn Corporation, and 
two (C and G) by Engelhard Industries, Ine. 
Since lot D consisted of alloy wire only, iridium to 
pair with alloy wires from this lot was taken from 
other lots. 


TABLE 1. Description of thermocouples 


-ercent 


Rh 


Diameter of Manufacturer 


Thermocouple 
No. wire in. 


A135 
G120 


0. 035 
. 020 


Sigmund Cohn 


Engelhard 
A235 


G220 


. 035 
020 


Sigmund Cohn 


Engelhard 


A435 
C420 
D420C 
D435B 


035 
020 
. 020 
. 035 


Sigmund Cohn 
Engelhard 
Sigmund ( 
Sigmund ( 


Sohn 
John 


- 035 
. 030 
. 920 


Sigmund Cohn 
Sigmund Cohn 
Sigmund Cohn 


535 
530 
"520 


A735 


7 . 035 
G720 


. 020 


Sigmund Cohn 


Engelhard 


A935 
G920 


Sigmund Cohn 


Engelhard 


. 035 
. 020 


| Iridium wire from lot C. 
2 Iridium wire from lot B (comprising 60 Rh and Ir wire). 





4. Computations 

For each alloy tested, the emf at a given tempera- 
ture was taken as the average of the emfs of the 
different lots of that alloy. However, if a lot 
contained wires of more than 1 diam, the emf of 
each size wire was used as if it represented a different 
lot. For example, the emf for the 40 percent Rh 
thermocouple was taken as the average of the emfs 
of four: lot A, lot C, and the two wire sizes of lot D. 
With one exception each lot was represented by one 
thermocouple of a given alloy. Two thermocouples 
were used from lot C, and the mean of the emfs 
was taken as the emf for the lot. 

The data for the alloys 25, 40, 50, and 75 percent 
rhodium were processed by the Computation Section 
of the NBS Applied Mathematics Division. An 
IBM 7090 Computer, employing programing pro- 
cedures called OMNITAB [2], was used. With 
the object of finding a functional relation between 
emf and temperature such that tables could be 
generated entirely by a digital computer, trials 
were made in fitting polynominals of various de- 
crees to the observed emfs for the 40 percent Rh 
thermocouple. It was determined that the data 
could be adequately represented by two equations, 
one of fourth degree for the range 32 °F to 1000 °F, 
the second of fifth degree for the range 1000 to 3900 
°F. In computing the equation for the high range, 
the data from 1000 to 2500 °F were weighted 10 
times those above 2500 °F, to take account of the 
higher precision that could be achieved at the 
lower temperatures. 

The emf given for 32 
lower range was less than 1 wv, and the difference 
between the emfs given by the two equations at the 
range juncture was also less than 1 wv. Deviations 
from observed emfs were randomly distributed, 
and were small-—-less than 5 wv at temperatures up to 
about 3000 °F, and only a few were over 10yv at the 
highest temperatures. Evidently, the equations as 
computed represented the observed data adequately, 
and could be used to generate the desired tables. 
However, it seemed desirable that the equation yield 
zero emf at 32 °F; and since this could be accom- 
plished by changing the constant term by a fraction of 
a microvolt, this change was made. Similarly, the 
equation for the upper range was made to yield the 
same emf at the juncture of the two ranges as the 
modified equation for the lower range by changing 
the constant term slightly. 

The procedure followed for the 40 percent Rh was 
found equally suitable for the 25, 50, and 75 percent 
Rh thermocouples. No change was as great as 1 pv 
except that for the 75 percent Rh thermocouple, 
which was 1.4 uv at 1000 °F. 

The equations for the upper and lower ranges did 
not give the same value of dE /dT at the juncture for 
any of the thermocouples. However, they were so 
nearly the same that the equations yielded the same 
emf to within 1 wv at temperatures up to 20 °F on 
either side of the juncture. 


KF by the equation for the 


It is feasible to use computer progran 
iv that the conditions to be sat 
th the emfs and the first derivatiy 


1 which performs the curve fitting in 
1 include zero emf at 32 °F and equal | 
s at the juncture of the ranges 
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5. Results 


The derived polynominal equations were used to 
generate tables of emf with °F as the argument 
(values in tables 4—A, 8—A, and for the alloys 25 and 
75 percent Rh in table 9-A). The coefficients of 
these equations are listed in table 2. For the 40 
percent Rh and 50 percent Rh, the tables are fully 
developed, giving temperature in °C and °F with 
emf in 0.01-mv increments as the argument, and emf 
with °C and °F as the argument, in 10-deg incre- 
ments. The computer techniques involved con- 
version from °C to °F and interpolation. 

Table 9—-A gives emfs for the 10, 25, 75, and 90 
percent Rh thermocouples in 100 °F increments. 

Electromotive force versus temperature curves 
for the alloys considered in this study are shown in 
figure 1. Figure 2 is a plot of dE/dT, derived by 
machine computation except for the 10 and 90 
percent Rh thermocouples. Figure 3 shows the 
variation of emf with composition of the alloy leg 
for temperatures 2000, 2500, 3000, and 3500 °F. 
The emf at 2000 °F for 100 percent Rh is found from 
data by Caldwell [3] for Rh versus Pt27, together 
with a table of emfs for Ir versus Pt27 given in refer- 
ence [1]. The point at 2500 °F is an extrapolation 
of Caldwell’s data. 

If the cold junction is at a temperature higher than 
°F, the appropriate correction can be found by 
interpolating in the tables, or by the use of the corre- 
sponding equation. For the case where copper lead 
wires are used with the 40 or 50 percent Rh thermo- 
couple the correction can be obtained from table 
10—A, which gives the emfs of these alloys and iridium 
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TABLE 2. Values of coefficients in the equation 


E=A+BT+CT?+ DT?+ ET*+ FT 


for four IrRh versus Ir the rmocouples* 


60 Ir-40 Rh 50 Ir-50 Rh 


Coefficient 
32°F to 1000°F 1006 


F to 1100°F | 1100°F to 3900 
F 


052816 054717 
581377-10 2. 406678-10 640886 -10 
2. 196393 -10-¢ 1. 366226-10 2. 193392-10 
136843-10 0. 791802-10-" . 2 4-10 
204061 -10 178246-10 202907 -10 
012826. 14 


~(). 143581 
1. 877703-10 
1. 981642-10 
—1. 091919-10 
0. 251008-10 
—.020415-10 


25 Rh 25 Ir-75 Rh 


F to 1000°F | 1000 °F to 4000 32°F to 1000°F | 1000 °F to 3700 
F F 


043211 
1. 284913-10 


0. 110871 036808 

1. 449150-10 191287-10 
079622-10 1. 954721-10 552041 -10 
090633 -10 1. O97890-10 - 3930-10 
193374 -10-!2 0. 249149-10 092373 -10 
020193 -10 


—(). 031682 
979634-10 
1. 879813-10-* 
— 1. 042899.-10 
0. 263564 -10 
—. 023458-10-! 


is temperature in degrees Fahrenheit. 
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Figure 2. Thermoelectric power of iridium-rhodium alloys 


against iridium. 


versus copper for temperatures to 500 °F. This 
table is particularly useful when the two reference 
junctions of the thermocouple are at different 
temperatures. 


6. Discussion 


The maximum difference in emf between thermo- 
couples of a given alloy occurred at the highest 
temperature associated with each alloy. This maxi- 
mum for any alloy was that for the 40 percent Rh 
thermocouple, about 120 uv. This is comparable to 
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Figure 3. Variation at constant temperature of thermal emf 
with percent rhodium in the alloy legs of iridium-rhodium 
versus iridium thermocou ples. 
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Figure 4. Emf differences between the lots of 40 
rhodium and the corresponding table values. 


percent 


Thermocouple minus table values.) 


the difference observed earlier for the 60 percent Rh, 
and is not considered unduly large. The emf differ- 
ences for the four 40 percent Rh lots are plotted in 
figure 4. For comparison of thermal emfs from 
other sources, table 3 gives emfs from the present 
work and those of Zysk [4], and of Sine [5] as reported 
by Caldwell [6]. The largest difference is about 250 
uv at approximately 1800 °F between Sine’s and the 
NBS values. This corresponds to a temperature 
difference of about 80 °F, which is about twice the 
difference found between lots at NBS. 
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TABLE 3. Ir-40 


the rmocou ple 8 


Emf of 60 percent percent Rh versus Ir 


Temperature NBS Zysk Sine 


Millivolts 
0. 342 


Villivolts 


l 


For the 50 percent Rh thermocouple the maximum 
difference between lots was about 80 uv. The 
deviations from the table values were more regular 
than those for the 40 percent Rh thermocouples and 
increased to as much 40 wv at 3900 °F. The 
deviations of lot A and those of the 0.030-in. wire 
of lot F were numerically about equal, and of opposite 
sign, while the emf of 0.020-in. wire of lot G was | 
within 6 wv of the table values throughout the range. 

As has been mentioned in a previous section and 
indicated in table 1, the alloys 10, 25, 75, and 90 
percent Rh were each represented by two lots of 
wire. The maximum differences between their 
thermal emfs and the equivalent temperature dif- 
ferences are listed in table 4. For the 10 and 25 
percent Rh the maximum differences occurred at a 
temperature under 2000 °F, lot A producing a 
higher output than lot G. With increasing temper- 
ature the differences diminished, until equal outputs 
were obtained from the two lots, at about 3350 °F 
for both compositions. For the 75 and 90 percent 
Rh the emf of lot G was lower than that of lot A 
at all temperatures, as indicated by the negative 
signs in table 4. 


as 


TaBLE 4. Maximum difference 


mot ouple s of lots 


in thermal emf between ther- 
A andG 


Percent Rh 
lifference 


lifferenc 
iximum difference 


Maximum 
Equivalent temp 
Temperature at m 


236 108 1R0 
166 42 | —52 
1900 | 1700 | 3700 


The output of 40 percent Rh is the same as that 
of the 60 percent Rh at about 3000 °F. Below that 
temperature the 40 percent Rh has a higher emf | 
than the 60 percent Rh; above 3000 °F its emf is less. | 


As the slopes of the emf-temperature curves for 
these two alloys do not differ greatly, the tempera- 
ture at which equal emfs are observed may vary 
considerably from one thermocouple to another of 
the same nominal composition. 


As was noted in the discussion of the work on the 
60 percent Rh [1], several sources of error make 
increasingly large contributions to the uncertainty 
of the emfs obtained at temperatures above about 
3500 °F. They combine to produce an uncertainty 
estimated not to exceed 12 °F at the highest 
temperature. 

The alloys of most interest from the standpoint of 
usefulness are the 40, 50, and 60 percent Rh. While 
the present work has not yielded results on which a 
definite preference can be based, the 50 percent Rh 
would seem to be a logical choice, inasmuch as its 
emf is higher than that of either the 40 or 60 percent 
Rh. If conditions of use were such as to bring about 
a change in composition at and near the measuring 
junction, as for example by preferential volatilization 
of one of the constituents of the alloy leg, the thermal 
emf would be changed relatively little over a range 
of several percent change of composition in the 50 
percent Rh thermocouple. It is quite likely that 
extensive use of these thermocouples in different 
environments will indicate the superiority of one 
alloy over another, or different alloys may be best 
suited for different purposes. Even the alloys 
having less than 40 and more than 60 percent 
rhodium may have desirable properties. 

The question of tolerances on composition has not 
been considered in this work, since the behavior of the 
thermocouples has indicated that other factors, some 
of them not identifiable, have predominated in 
causing differences or changes in thermocouple 
output. 

It can be concluded from this study that a thermo- 
couple of nominal composition 40, 50, or 60 percent 
Rh versus Ir can be used for measuring temperatures 
up to 3900 °F ° to an accuracy of +40 °F if the 
temperature of the thermocouple is determined from 
the appropriate table. Higher accuracy can be 
achieved by calibrating the particular thermocouple 
in question. A convenient method of performing 
such a calibration is to measure the emf of each 
thermoelement of the test thermocouple against the 
corresponding element of a thermocouple of known 
thermal emf. A higher degree of accuracy can be 
obtained above 1900 °F by using an optical pyrom- 
eter and a blackbody with the method described 
earlier. If the emf of a thermocouple is to be 
determined at temperatures between calibration 
points, a curve of deviations from the appropriate 
reference table can be constructed and used as 
described in reference 7. 


5 The temperature versus emf tables for the 60 percent Rh thermocouple extends 
to 3800 °F 





7. Appendix 


TABLE 1-A. Sixty percent iridium-forty percent rhodium versus iridium thermocouples 


blectromotive force in absolute-millivolts. Temperatures in degrees C (Int. 1948). Reference junctions at 0°C 





Milli- .000 .010 .020 030 .040 050 .060 .070 .080 .090 100 ~— Milli- 


volts 





volts 
Degrees C 





0.000 : ; 12.6 15.6 ah: 27.5 30. 0.000 
0.100 36. 41.6 44.4 : I 55. 57. 0.100 
0.200 57. ; 3. 68.1 i 3.2 5. : ‘ 3. 0.200 
0.300 A 92.7 9. f . .! ; 0.300 
116.0 od 20.: 22. 27. 29. 0.400 
138.1 ee 2. t 46. ; 51. 0.500 
159.4 e 3.: D. 5 71. 0.600 
179.9 ; t 2. ‘ : 0.700 
199.8 20F. 203. 3. 209. 211.5 0.800 
219.2 221. 223. 224. 228. 230. 0.900 


238.2 240. 241. 243. 247.5 249. 1.000 
256.8 258. 260. 262. 265. 267. 1.100 
275.0 276. 278. 280. 284. 285. 1.200 
293.0 294. 296. 298. 300. 301. 3. 1.300 
310.7 3125 314. 316. 319.5 321.3 1.400 
328.2 329. 331. 333. 336. 338. 1.500 
345.5 347.: 349. 350. 354. 355. 1.600 
362.7 364. 366. 367. i 372. 1.700 
379.7 381. 383. 384. 386.! 388.: 389. 1.800 
396.6 398. 399. 401. D. ; 1.900 


413.4 5. : q 21. 23. 2.000 
2.100 
2.200 
2.300 
2.400 
2.500 
2.600 
2.700 
2.800 
2.900 


3.000 


3.200 
3.300 
3.400 
3.500 
3.600 


3.800 
3.900 


4.000 
4.100 
4.200 
4.300 
4.400 


4.600 


4.800 
4.900 








TABLE 1—-A. Sixty percent iridium-forty percent rhodium versus iridium thermocouples — Continued 


Electromotive force in absolute millivolts. Temperatures in degrees C (Int. 1948). Reference junctions at 0 °( 





Milli- .000 010 .020 .030 .040 .050 .060 070 .080 .090 100 — Milli- 


volts volts 
Degrees C 








910.9 9126 9144 919.8 23.2 926.9 928.7 
928.7 930.5 932.3 937.6 * 944.8 946.6 
946.6 948.4 950.2 955.6 99.2 2.8 964.6 
964.6 966.4 968.2 973.6 “ 980.9 982.7 
982.7 984.5 986.3 b 991.8 3. 5. a 999.1 1000.9 
1000.9 1002.7 1004.5 F 2 1010.0 3. 1017.4 1019.2 
1019.2 1021.0 1022.9 1028.4 1032.1 1035.7 1037.6 
1037.6 1039.4 1041.3 1046.8 7 1050.5 1054.2 1056.1 
1056.1 1057.9 1059.8 1065.3 1069.1 1072.8 1074.7 
1074.7 1076.5 1078.4 1084.0 1087.7 1091.5 1093.3 


1093.3 1095 
1112.1) 1114. 
1130.9 1132 
1149.9 1151 
1168.9 1170. 
1188.0 1189. 
1207.2 12 
1226.4 1228 
1245.7 

1265.1 


1097.1 1102.7 1106.5 1110.2) 1112.1 
1115.9 1121.5 1125.3 1129.1 1130.9 
1134.7 1140.4 1144.2 1148.0 1149.9 
1153.7 1159.4 1163.2 1167.0 1168.9 
1172.7 1178.5 1182.3 1186.1 1188.0 
1191.8 5.7 1197.6 1201.4 1205.3 1207.2 
1211.0 1216.8 1218.7 1220.6 1224.5 1226.4 
1230.3 1236.1 1239.9 1243.8 1245.7 
1249.6 1255.4 1259.3 1263.2 1265.1 
1269.0 1274.8 1278.7 1282.6 1284.5 


NNSSSS=! 
Con fPRK OmOSaBOoOnh 


1284.5 1286.5 1288.4 1294.3 1298.2 1302.1 1304.0 
1304.0 1306.0 1307.9 1313.8 1315.7 1317.7 1321.6 1323.5 
1323.5 1325.5 1327.4 1333.3 1337.2 1341.1 1343.1 
1343.1 1345.1 1347.0 1352.9 1354.9 1356.8 1360.7 1362.7 
1362.7 1364.7 1366.6 1372.5 1376.4 1380.4 1382.3 
1382.3 1384.3 1386.2 1392.1 1396.1 1400.0 1402.0 
1402.0 3.9 1405.9 1411.8 1415.7 1419.6 1421.6 
1421.6 23.6 1425.5 1431.4 1435.4 3 1439.3 1441.3 
1441.3 3.2 1445.2 y 1451.1 1455.0 1459.0 1460.9 
1460.9 2.9 1464.9 1470.8 1474.7 1478.6 1480.6 


1480.6 2.6 1484.5 1490.4 1494.3 1498.3 
1500.2) 1502.2 1504.2 1510.0 1514.0 1517.9 
1519.9 1521.8 1523.8 7 1529.7 1533.6 1537.5 
1539.5 1543.4 1549.2 1553.2 1557.1 
1559.0 1561.0 1562.9 1568.8 1572.7 1576.6 
1578.5 1580.5 1582.4 588.; 1592.2 1596.1 
1598.0 1600.0 1601.9 ; 7 1611.6 1615.5 
1617.5 1619.4 1621.3 4 i 1631.0 1634.9 
1636.8 1638.8 1640.7 : oe 4 1650.4 1654.2 
1656.2 1658.1 1660.0 2. 1669.7 1673.5 


1675.4 1677.3 1679.3 3. 1688.9 1692.7 1694.6 
1694.6 1696.5 1698.4 y -1 1708.0 1711.8 1713.7 
1713.7 1715.6 1717.5 23.: 1727.1 1730.9 1732.8 
1732.8 1734.7 1736.6 2.: 1746.1 1749.8 1751.7 
1751.7 1753.6 1755.5 wd 1765.0 1768.7 1770.6 
1770.6 2.5 1774.4 ' 1783.8 1787.6 1789.4 
1789.4 3 1793.2 . 7 1802.5 1806.3 1808.2 
1808.2 0 1811.9 5 1821.2 1824.9 1826.8 
1826.8 28.6 1830.5 36. 1839.8 1843.5 1845.3 
1845.3 .2 1849.0 1854.6 1858.3 1862.0 1863.8 








TABLE 1-A. Sixty percent iridium-forty percent rhodium versus iridium thermocouples — Continued 


Electromotive force in absolute millivolts. Temperatures in degrees C (Int. 1948). Reference junctions at 0% 
& J 





Milli- .000 .010 .020 .030 .040 .050 .060 .070 .080 .090 .100 Milli- 


volts volts 





Degrees C 





10.000 1863.8 1865.6 1867.5 1869.3 1871.2 1873.0 1874.8 1876.7 1878.5 1880.3 1882.2 10.000 
10.100 1882.2 1884.0 1885.8 1887.7 1889.5 1891.3 1893.1 1895.0 1896.8 1898.6 1900.4 10.100 
10.200 1900.4 1902.3 1904.1 1905.9 1907.7 1909.6 1911.4 1913.2 1915.0 1916.8 1918.6 10.200 
10.300 1918.6 1920.5 1922.3 1924.1 1925.9 1927.7 1929.5 1931.3 1933.1 1934.9 1936.7 10.300 
10.400 1936.7 1938.6 1940.4 1942.2 1944.0 1945.8 1947.6 1949.4 1951.2 1953.0 1954.8 10.400 
10.500 1954.8 1956.6 1958.4 1960.2 1962.0 1963.7 1965.5 1967.3 1969.1 1970.9 1972.7 10.500 
10.600 1972.7 1974.5 1976.3 1978.1 1979.9 1981.6 1983.4 1985.2 1987.0 1988.8 1990.6 10.600 
10.700 1990.6 1992.4 1994.1 1995.9 1997.7 1999.5 2001.2 2003.0 2004.8 2006.6 2008.3 10.700 
10.800 2008.3 2010.1 2011.9 2013.6 2015.4 2017.2 2019.0 2020.7 2022.5 2024.3 2026.0 10.800 
10.900 2026.0 2027.8 2029.6 2031.3 2033.1 2034.8 2036.6 2038.4 2040.1 2041.9 2043.6 10.900 


11.000 2043.6 2045.4 2047.2 2048.9 2050.7 2052.4 2054.2 2055.9 2057.7 2059.4 2061.2 11.000 
11.100 2061.2 2062.9 2064.7 2066.4 2068.2 2069.9 2071.7 2073.4 2075.2 2076.9 2078.6 11.100 
11.200 2078.6 2080.4 2082.1 2083.9 2085.6 2087.4 2089.1 2090.8 2092.6 2094.3 2096.0 11.200 
11.300 2096.0 2097.8 2099.5 2101.2 2103.0 2104.7 2106.4 2108.2 2109.9 2111.6 2113.4 11.300 
11.400 2113.4 2115.1 2116.8 2118.6 2120.3 2122.0 2123.7 2125.5 2127.2 2128.9 2130.6 11.400 
11.500 2130.6 2132.4 2134.1 2135.8 2137.5 2139.3 2141.0 2142.7 2144.4 2146.1 2147.9 11.500 
11.600 2147.9 2149.6 11.600 


TABLE 2-A. Sixty percent iridium-forty percent rhodium versus iridium thermocouples 


Electromotive force in absolute millivolts. Temperatures in degrees C (Int. 1948). Reference junctions at 0 °C 





0 10 20 30 40 50 60 70 90 100 





Millivolts 





0.000 0.032 0.064 0.099 0.134 0.171 0.209 ed 0.371 
0.371 0.414 0458 0.503 0.549 0.595 0.643 : 0.841 
0.841 0.892 0.944 0.997 1.050 1.103 1.158 21% ad 1.379 
1.379 1.436 1.493 1.550 1.608 ; 1.724 -78: 84: , 1.960 
1.960 2.020 2.080 2.139 2.200 2.: 2.320 2.3 y 2.562 
2.562 2.623 2.684 2.745 2.806 2. 2.928 2. 3.08 3.173 
3.173 3.233 3.294 3.355 3.415 3. 3.536 63. 3.65 3.776 
3.776 3.835 3.895 3.954 4.014 4.07: 4.131 . od 4.365 
4.365 4.423 4.481 4.539 4.597 65 4.711 ; 825 88: 4.939 
4.939 4.995 5.051 5.107 5.163 - 5.i 9.274 5.3: 5.385 5. 5.495 


5.495 5.550 5.604 5.659 5.713 5.767 5.821 5.93 6.036 
6.036 6.089 6.142 6.195 6.248 w 6.353 . AE 6.563 
6.563 6.615 6.667 6.718 6.770 82: 6.874 : 7.079 
7.079 7.131 7.182 7.233 7.284 7.335 7.386 : 7.590 
7.590 7.641 7.692 7.743 7.793 : 7.895 : 8.099 
8.099 8.150 8.201 8.252 8.303 35 8.405 AS oe 8.610 
8.610 8.662 8.713 8.765 8.816 : 8.920 07 9.128 
9.128 9.180 9.233 9.285 9.338 od 9.444 09 602 9.656 
9.656 9.710 9.763 9.817 9.871 .925 9.979 } 10.198 
10.198 10.252 10.307 10.363 10.418 473 = 10.529 . 10.753 


10.753 10.809 10.866 10.922 10.979 0: 11.093 od 11.323 
11.323 11.380 11.438 11.496 11.554 








TABLE 3-A. Sixty percent iridium-forty percent rhodium versus iridium thermocouples 


Electromotive force in absolute millivolts. Temperatures in degrees F*. Reference junctions at 32 °F 





Milli- .000 .010 .020 .030 .040 050 .060 .070 -080 .090 100 = Milli- 


volts volts 





Degrees F 





0.000 32. 37.8 3.: 49.1 54.7 60.2 
0.100 91.8 9 101.9 106.9 111.9 
0.200 136.0 140.7 5.3 150.0 154.6 159.1 
0.300 5 185.9 3 1946 1989 203.2 
0.400 224.3 2284 2325 236.6 240.7 244.8 
0.500 264.9 2688 272.8 276.7 280.6 284.5 
0.600 303.7 307.5 311.3 315.1 318.9 322.6 326.4 
0.700 341.2 3449 3485 352.2 355.8 359.5 363.1 
0.800 377.5 381.0 384.6 388.1 391.7 395.2 398.7 
0.900 412.7 416.2 7 423.1 426.6 430.0 433.5 


1.000 447.: 450.6 453.9 457.3 460.7 464.1 467.5 
1.100 484.2 487.5 490.9 494.2 4975 500.8 
1.200 = 513. 917.2 520.5 523.8 527.0 530.3 533.5 
1.300 546. 949.7 552.9 556.1 559.4 562.6 565.8 
1.400 = 578. 581.7 584.9 588.1 591.3 5944 597.6 
1.500 2 613.4 6165 619.7 622.8 625.9 629.0 
1.600 644.6 647.7 650.8 654.0 657.1 660.2 
1.700 72.5 675.6 678.7 681.8 684.8 687.9 691.0 
1.800 3.3 706.3 709.4 7124 715.5 718.5 721.6 
1.900 33.7 736.8 739.8 742.8 745.9 748.9 751.9 


speugus 


ss 


2.000 767.0 770.1 773.1 776.1 779.1 782.1 
2.100 4. 797.1 800.2 803.2 806.2 od 812.2 
2.200 824.1 827.1 830.1 833.1 836.1 39. 842.1 
2.300 854.0 857.0 860.0 862.9 865.9 . 871.9 
2.400 883.8 886.7 889.7 892.7 895.7 . 901.6 
2.500 913.5 9164 9194 9224 925.3 28.: 931.3 
2.600 943.1 946.1 949.0 952.0 955.0 O7. 960.9 
2.700 972.7 975.7 978.6 981.6 984.6 os 990.5 
2.800 1002.3 1005.2 1008.2 1011.1 1014.0 0 1019.9 
2.900 1031.7 1034.6 1037.6 1040.5 1043.4 4 1049.3 


3.000 1061.1 1064.0 1067.0 1069.9 1072.9 5. 1078.8 
3.100 1090.6 1093.5 1096.5 1099.4 1102.4 5.3 1108.3 
3.200 1120.1 1123.1 1126.0 1129.0 1131.9 34.9 1137.9 
3.300 1149.7 ~~ 2 
3.400 1179.4 
3.500 1209.3 
3.600 1239.1 
3.700 1269.2 
3.800 1299.3 
3.900 1329.5 


ec" 


1155.7 1158.6 1161.6 6 1167.5 
1185.4 1188.4 1191.4 3 1197.3 
1215.2 1218.2 1221.2 1224.2 1227.2 
1245.1 1248.1 1251.1) 1254.1 1257.1 
1275.2 1278.2 1281.2 1284.2 1287.2 
1305.3 1308.3. 1311.4 1314.4 1317.4 
1335.6 1338.6 1341.6 1344.7 1347.7 


UwWNeNH~ 


NNNNNNE 


4.000 1359.9 1362.9 1366.0 1369.0 1372.1 1375.1 1378.2 
4.100 1390.4 1393.4 1396.5 1399.5 1402.6 9.7 1408.7 
4.200 1421.0 1424.1 1427.2 1430.2 1433.3 36.4 1439.5 
4.300 1451.8 1454.9 1458.0 1461.0 1464.1 2 1470.3 
4.400 1482.7 1485.8 1488.9 1492.0 1495.1 2 1501.3 
4.500 1513.8 1516.9 1520.0 1523.1 1526.2 29.4 1532.5 
4.600 1545.0 1548.1 1551.3 1554.4 1557.6 7 1563.8 
4.700 1576.4 1579.6 1582.7 1585.9 1589.0 1592.2 1595.3 
4.800 1608.0 1611.1 1614.3 1617.5 1620.6 23.8 1627.0 
4.900 1639.7 1642.9 1646.1 1649.2 1652.4 1655.6 1658.8 





*Based on the International Temperature Scale of 1948 





TABLE 3-A. Sixty percent iridium-forty percent rhodium versus iridium thermocouples — Continued 


Electromotive force in absolute millivolts. Temperatures in degrees F*. _ Reference junctions at 32 °F. 





Mill- .000 .010 .020 030 .040 050 .060 .070 .080 .090 100 Milli- 


volts 





volts 
Degrees F 





1671.6 1674.8 1678.0 1681.2 1684.4 1687.6 1690.8 1694.0 1697.2 1700.4 5.000 
1703.6 1706.8 1710.1 1713.3 1716.5 1719.7 1723.0 1726.2 1729.4 1732.6 5.100 
1735.9 1739.1 1742.3 1745.6 1748.8 1752.0 1755.3 1758.5 1761.8 1765.0 5.200 
1768.3. 1771.5 17748 1778.0 1781.3 1784.6 1787.8 1791.1 1794.3 1797.6 5.300 
1800.9 1804.1 1807.4 1810.7 1814.0 1817.2 1820.5 1823.8 1827.0 1830.3 5.400 
1833.6 1836.9 1840.2 1843.5 1846.8 1850.1 1853.4 1856.7 1860.0 1863.3 5.500 
1866.6 1869.9 1873.2 1876.5 1879.8 1883.1 1886.4 1889.7 1893.0 1896.4 5.600 
1899.7 1903.0 1906.3 1909.6 1912.9 1916.3 1919.6 1922.9 1926.3 1929.6 5.700 
1932.9 1936.3 1939.6 1943.0 1946.3 1949.7 1953.0 1956.3 1959.7 1963.0 : 5.800 
1966.4 1969.8 1973.1 1976.5 1979.8 1983.2 1986.5. 1989.9 1993.3 1996.6 5.900 


nnn on uw 


5S SBeseseess 


2000.0 2003.4 2006.7 2010.1 2013.5 2016.9 2020.2 2023.6 2027.0 2030.4 6.000 
2033.8 2037.1 2040.5 2043.9 2047.3 2050.7 2054.1 2057.5 2060.9 2064.3 6.100 
2067.7 2071.1 2074.5 2077.9 2081.3 2084.7 2088.1 2091.6 2095.0 2098.4 6.200 
2101.8 2105.2 2108.6 2112.0 2115.5 2118.9 2122.3 2125.7 2129.2 2132.6 6.300 
2136.0 2139.5 2142.9 2146.3 2149.8 2153.2 2156.6 2160.1 2163.5 2167.0 6.400 
2170.4 2173.9 2177.3 2180.7 2184.2 2187.6 2191.1 2194.5 2198.0 2201.5 6.500 
2204.9 2208.4 2211.8 2215.3 2218.8 2222.2 2225.7 2229.1 2232.6 2236.1 6.600 
2239.5 2243.0 2246.5 2250.0 2253.4 2256.9 2260.4 2263.9 2267.4 2270.8 6.700 
2274.3 2277.8 2281.3 2284.8 2288.2 2291.7 2295.2 2298.7 2302.2 2305.7 6.800 
2309.2 2312.7 2316.2 2319.7 2323.2 2326.7 2330.2 2333.7 2337.1 2340.6 6.900 


2344.1 2347.7 2351.2 2354.7 2358.2 2361.7 2365.2 2368.7 2372.2 2375.7 7.000 
2379.2 2382.8 2386.3 2389.8 2393.3 2396.8 2400.3 2403.8 2407.3 2410.9 7.100 
2414.4 2417.9 2421.4 2424.9 2428.4 2432.0 2435.5 2439.0 2442.5 2446.1 
2449.6 2453.1 2456.6 2460.2 2463.7 2467.2 2470.7 2474.3 2477.8 2481.3 
2484.9 2488.4 2491.9 2495.4 2499.0 2502.5 2506.0 2509.6 2513.1 2516.6 
2520.2 2523.7 2527.2 2530.8 2534.3 2537.8 2541.4 2544.9 2548.4 2552.0 
2555.5 2559.1 2562.6 2566.1 2569.7 2573.2 2576.8 2580.3 2583.8 2587.4 
2590.9 2594.4 2598.0 2601.5 2605.1 2608.6 2612.1 2615.7 2619.2 2622.8 
2626.3 2629.8 2633.4 2636.9 2640.4 2644.0 2647.5 2651.1 2654.6 2658.1 
2661.7 2665.2 2668.8 2672.3 2675.8 2679.4 2682.9 2686.5 2690.0 2693.5 


Ss 


2222355: 


2697.1 2700.6 2704.1 2707.7 2711.2 2714.7 2718.3 2721.8 2725.3 2728.9 
2732.4 2735.9 2739.5 2743.0 2746.5 2750.1 2753.6 2757.1 2760.7 2764.2 
2767.7 2771.3 2774.8 2778.3 2781.9 2785.4 2788.9 2792.5 2796.0 2799.5 
2803.0 2806.6 2810.1 2813.6 2817.1 2820.6 2824.1 2827.7 2831.2 2834.7 
2838.2 2841.7 2845.3 2848.8 2852.3 2855.8 2859.3 2862.8 2866.3 2869.9 
2873.4 2876.9 2880.4 2883.9 2887.4 2890.9 2894.4 2897.9 2901.4 2904.9 
2908.4 2911.9 2915.4 2918.9 2922.4 2925.9 2929.4 2932.9 2936.4 2939.9 
2943.4 2946.9 2950.4 2953.9 2957.4 2960.9 2964.4 2967.9 2971.4 2974.8 
2978.3 2981.8 2985.3 2988.8 2992.2 2995.7 2999.2 3002.7 3006.2 3009.6 
3013.1 3016.6 3020.0 3023.5 3027.0 3030.5 3033.9 3037.4 3040.8 3044.3 


252 


3047.8 3051.2 3054.7 3058.1 3061.6 3065.0 3068.5 3071.9 3075.4 3078.8 
3082.3 3085.7 3089.2 3092.6 3096.1 3099.5 3102.9 3106.4 3109.8 3113.3 
3116.7 3120.1 3123.6 3127.0 3130.4 3133.9 3137.3 3140.7 3144.1 3147.6 
3151.0 3154.4 3157.8 3161.3 3164.7 3168.1 3171.5. 3174.9 3178.3 3181.7 
3185.1 3188.5 3191.9 3195.4 3198.8 3202.2 3205.5 3208.9 3212.3 3215.7 
3219.1 3222.5 3225.9 3229.3 3232.7 3236.1 3239.5 3242.8 3246.2 3249.6 
3253.0 3256.3 3259.7 3263.1 3266.5 3269.8 3273.2 3276.6 3279.9 3283.3 
3286.7 3290.0 3293.4 3296.7 .3300.1 3303.5 3306.8 3310.2 3313.5 3316.8 
3320.2 3323.5 3326.9 3330.2 3333.6 3336.9 3340.3 3343.6 3346.9 3350.3 
3353.6 3356.9 3360.3 3363.6 3366.9 3370.2 3373.5 3376.9 3380.2 3383.5 





*Based on the International Temperature Scale of 1948. 
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TABLE 3-A. Sixty percent iridium-forty percent rhodium versus iridium thermocouples — Continued 


Electromotive force in absolute millivolts. Temperatures in degrees F*. Reference junctions at 32 °F 





Milli- .000 010 .020 .030 .040 .050 .060 .070 .080 .090 100 = Milli- 


volts 





volts 
Degrees F 





10.000 3386.8 3390.1 3393.5 3396.8 3400.1 3403.4 3406.7 3410.0 3413.3 3416.6 
10.100 3419.9 3423.2 3426.5 3429.8 3433.1 3436.4 3439.6 3442.9 3446.2 3449.5 
10.200 3452.8 3456.1 3459.4 3462.6 3465.9 3469.2 3472.5 3475.7 3479.0 3482.3 
10.300 3485.6 3488.8 3492.1 3495.4 3498.6 3501.9 3505.1 3508.4 3511.7 3514.9 
10.400 3518.2 3521.4 3524.7 3527.9 3531.2 3534.4 3537.6 3540.9 3544.1 3547.3 
10.500 3550.6 3553.8 3557.0 3560.3 3563.5 3566.7 3570.0 3573.2 3576.4 3579.7 
10.600 3582.9 3586.1 3589.3 3592.5 3595.8 3599.0 3602.2 3605.4 3608.6 3611.8 
10.700 3615.0 ; 3621.4 3624.6 3627.8 3631.0 3634.2 3637.4 3640.6 3643.8 
10.800 3647.0 3650.2 3653.4 3656.6 3659.7 3662.9 3666.1 3669.3 3672.5 3675.7 
10.900 3678.9 3682.0 3685.2 3688.4 3691.6 3694.7 3697.9 3701.1 3704.2 3707.4 


11.000 3710.5 3713.7 3716.9 3720.0 3723.2 3726.3 3729.5 3732.7 3735.8 3739.0 
11.100 3742.1 3745.3 3748.4 3751.6 3754.7 3757.9 3761.0 3764.2 3767.3 3770.4 
11.200 3773.6 : .7 3779.8 3783.0 3786.1 3789.2 3792.4 3795.5 3798.6 3801.8 
11.300 3804.9 ; 0 3811.1 3814.3 3817.4 3820.5 3823.6 3826.7 3829.8 3833.0 
11.400 3836.1 3839.2 3842.3 3845.4 3848.5 3851.6 3854.8 3857.9 3861.0 3864.1 
11.500 3867.2 3870.3 3873.4 3876.5 3879.6 3882.7 3885.8 3888.9 3892.0 3895.0 
11.600 3898.1 3901.2 





*Based on the International Temperature Scale of 1948. 





TABLE 4-A. Sixty percent iridium-forty percent rhodium versus iridium thermocouples 


Electromotive force in absolute millivolts. Temperatures in degrees F*. Reference junctions at 32 °F 





10 20 30 40 50 60 70 80 90 





Millivolts 





0 0.014 0.032 : 0.106 
100 0.126 0.146 0.167 0.187 0.209 0.230 0.319 
200 0.342 0.366 0.390 0.414 0.438 0.463 0.564 
300 0.590 0.616 0.643 0.670 0.697 0.724 0.835 
400 0.864 0.892 0.921 0.950 0.979 1.008 : 1.127 
500 1.158 1.188 1.218 1.249 1.280 = 1.311 1.436 
600 1.468 1.499 1.531 1.563 1.595 1.627 1.757 
700 1.789 1.822 1.855 1.888 1.921 1.954 2.086 
800 2.119 2.153 2.106 2.220 2253 2287 2.421 
900 2.455 2.488 2.522 2.556 2.589 2.623 2.758 


1000 2.792 2.826 2.860 2.894 2.928 2.962 : 3. 3.098 

1100 3.132 3.166 3.200 3.233 3.267 3.301 3.435 3. 
1200 3.469 3.502 3.536 3.569 3.603 3.636 _ 3. 3.769 3.802 
1300 3.802 3.835 3.869 3.902 3.935 3.967 X 4.099 4.131 
1400 4.131 4.164 4.197 4.229 4.262 4.294 4.423 4.456 
1500 4.456 4.488 4.520 4.552 4.584 i 4. 4.743 4.775 
1600 4.775 4.806 4838 4.869 4.901 4.93: \ 998 5.057 5.089 
1700 3.069 5.120 5.151 5.182 5.213 5.3 9.2 5.367 5.397 
1800 5.397 5.428 5.458 5.489 5.519 5.55 5.671 5.701 
1900 3.701 5.731 5.761 5.791 5.821 5.8 5. 5.970 6.000 


2000 6.000 6.030 6.059 6.089 6.118 
2100 6.295 6.324 6.353 6.382 6.412 
2200 6.586 6.615 6.644 6.672 6.701 
2300 6.874 6.902 6.931 6.959 6.988 
2400 7.159 «7.188 =7.216 7.244 = 7.273 
2500 7.443 7.471 7.499 7.528 7.556 
2600 7.726 7.754 7.782 7.810 7.839 
2700 8.008 8.037 8.065 8.093 8.121 8.263 8.291 
2800 8.291 8.320 8.348 8.377 8.405 43: 8.547 8.576 
2900 8.576 8.604 8.633 8.662 8.690 8 8.747 8.834 8.862 


6.265 6.295 
6.557 6.586 
6.845 6.874 
1.351 - 1199 
7.415 7.443 
7.697 7.726 
7.980 8.008 


Iwon-) 


INIA AND 

— OD up 
RUS2SSEARS 
NO Uw gy 


3000 8.862 8.891 8.920 8.949 8.978 A 9.035 9.122 9.151 
3100 9.151 9.180 9.210 9.239 9.268 297 9.326 9.414 9.444 
3200 9.444 9.473 9.503 9.532 9.562 ee 9.621 9.710 9.740 
3300 9.740 9.769 9.799 9.829 9.859 : 9.919 10.010 10.040 
3400 =—-10.040 10.070 10.100 10.131 10.161 10.191 10.222 10.314 10.344 
3500 =—-10.344 10.375 10.406 10.436 10.467 10.498 10.529 10.622 10.653 
3600 §=10.653 10.684 10.715 10.747 10.778 10.809 10.841 10.935 10.967 
3700 =: 10.967 10.998 11.030 11.061 11.093 11.125. 11.157 11.252 11.284 
3800 =—:11.284 «11.316 «11.348 11.380 11.413 11.445 11.477 11.574 11.606 
3900 = 11.606 





*Based on the International Temperature Scale of 1948 





TABLE 5-A. Fifty percent iridium-fifty percent rhodium versus iridium thermocouples 


Electromotive force in absolute millivolts. Temperatures in degrees C (Int. 1948). Reference junctions at 0 °C 





Milli- .000 .010 0: 0: .040 .050 .060 .070 .080 .090 100 Milli- 
volts — volts 
Degrees C 








0.000 
0.100 
0.200 
0.300 
0.400 
0.500 


15.1 


SN 


CNP Wet 








TABLE 5-A. Fifty percent iridium-fifty percent rhodium versus iridium thermocouples — Continued 


Electromotive force in absolute millivolts. Temperatures in degrees C (Int. 1948). Reference junctions at 0 °C, 





Milli- .000 010 .020 030 040 .050 .060 .070 .080 .090 100 — Milli- 


volts 





volts 


Degrees C 





5.000 889.3 891.0 892.7 894.5 897.9 903.0 7 5.000 
5.100 906.4 908.1 909.8 911.5 915.0 920.1 5.100 
5.200 923.6 925.3 927.0 928.7 932.2 937.3 5.200 
5.300 9408 942.5 944.2 946.0 : 949.4 954.6 56.< 5.300 
5.400 958.1 959.8 961.5 963.3 D. 966.8 . 972.0 5.400 
5.500 975.5 977.2 978.9 980.7 984.2 989.4 * 5.500 
5.000 992.9 994.7 996.4 -998.2 9 1001.7 1006.9 5.600 
5.700 1010.4 1012.2 1014.0 1015.7 1019.2 1024.5 5.700 
5.800 1028.1 1029.8 1031.6 1033.4 1036.9 1042.2 5.800 
5.900 1045.7 1047.5 1049.3 1051.1 1054.6 1059.9 5.900 


6.000 1063.5 10053 1067.1 1068.8 1072.4 1077.7 6.000 
6.100 1081.3 1083.1 1084.9 1086.7 2 1090.3 1095.6 6.100 
6.200 1099.2 1101.0 1102.8 1104.6 1108.2 1113.6 6.200 
6.300 1117.2 1119.0 1120.8 1122.6 1126.2 1131.6 6.300 
6.400 1135.2 1137.0 1138.8 1140.6 1144.2 1149.6 6.400 
6.500 1153.3 1155.1 1156.9 1158.7 1162.3 1167.8 6.500 
6.600 1171.4 1173.2 1175.0 1176.8 1180.5 1185.9 6.600 
6.700 1189.6 1191.4 1193.2 1195.0 1198.7 1204.2 6.700 
6.800 1207.8 1209.6 1211.5 1213.3 1216.9 1222.4 6.800 
6.900 1226.1 1227.9 1229.7 1231.6 1235.2 1240.7 6.900 


7.000 1244.4 1246.2 1248.0 1249.9 1253.5 1259.1 7.000 
7.100 1262.7 1264.6 1266.4 1268.2 1271.9 1277.4 .100 
7.200 1281.1 1282.9 1284.8 1286.6 1290.3 1295.8 .200 
7.300 1299.5 1301.3 1303.1 1305.0 1308.7 1314.2 .300 
7.400 1317.9 1319.7 1321.5 1323.4 1327.1 1332.6 400 
7.500 1336.3 1338.1 1340.0 1341.8 1345.5 1351.0 900 
7.600 1354.7 1356.5 1358.4 1360.2 1363.9 1369.4 .600 
7.700 1373.1 1374.9 1376.8 1378.6 1382.3 1387.8 .700 
7.800 1391.5 1393.3 1395.2 1397.0 1400.7 4 1406.2 .800 
7.900 1409.9 1411.7 1413.6 1415.4 1419.1 1424.6 .900 


NNN NNN NS 


8.000 1428.2 1430.1 1431.9 1433.8 1437.4 1442.9 8.000 
8.100 1446.6 1448.4 1450.3 1452.1 1455.8 1461.2 8.100 
8.200 1464.9 1466.7 1468.6 1470.4 1474.1 1479.5 8.200 
8.300 1483.2 1485.0 1486.8 1488.7 1492.3 1497.8 8.300 
8.400 1501.4 1503.2 1505.1 1506.9 1510.5 1516.0 8.400 
8.500 1519.6 1521.4 1523.2 1525.1 1528.7 1534.1 8.500 
8.600 1537.8 1539.6 1541.4 1543.2 1546.8 1552.2 8.600 
8.700 1555.8 1557.7 1559.5 1561.3 1564.9 1566. 568.5 1570.3 8.700 
8.800 1573.9 1575.7 1577.5 1579.3 1582.9 1588.3 8.800 
8.900 1591.9 1593.6 1595.4 1597.2 1600.8 1606.2 8.900 


9.000 1609.8 1611.5 1613.3 1615.1 1618.7 1624.0 9.000 
9.100 1627.6 1629.4 1631.2 1632.9 1636.5 1641.8 9.100 
9.200 1645.4 1647.1 1648.9 1650.7 1654.2 1659.5 9.200 
9.300 1663.1 1664.8 1666.6 1668.4 1671.9 1677.2 9.300 
9.400 1680.7 1682.4 1684.2 1686.0 1689.5 1694.7 9.400 
9.500 1698.2 1700.0 1701.7 1703.5 1707.0 1712.2 9.500 
9.600 1715.7 1717.4 1719.2 1720.9 1724.4 1729.6 9.600 
9.700 1733.1 1734.8 1736.6 1738.3 1741.8 1747.0 9.700 
9.800 1750.4 1752.1 1753.9 1755. 1759.0 1764.2 9.800 
9.900 1767.6 1769.4 1771.1 1772.8 1776.2 1781.4 9.900 








TABLE 5-A. 


Electromotive force in absolute millivolts 


Temperatures in degrees C (Int. 1948) 


Reference junctions at 0 °¢ 


Fifty percent iridium-fifty percent rhodium versus iridium thermocouples — Continued 





Milli- 


volts 


.000 .010 .020 .030 


.040 .050 .060 .070 


.080 .090 .100 





Degrees C 


Milli- 


volts 





10.000 
10.100 
10.200 
10.300 
10.400 
10.500 
10.600 
10.700 
10.800 
10.900 


11.000 
11.100 
11.200 
11.300 
11.400 
11.500 
11.600 
11.700 
11.800 
11.900 


12.000 
12.100 
12.200 


0 
100 
200 
300 
400 
500 
600 
700 
800 
900 


1000 
1100 
1200 
1300 
1400 
1500 
1600 
1700 
1800 
1900 


2000 
2100 


1784.8 
1801.9 
1818.9 
1835.8 
1852.7 
1869.4 
1886.2 
1902.8 
1919.4 
1935.9 


1952.3 
1968.7 
1985.0 
2001.3 
2017.5 
2033.7 
2049.8 
2065.9 
2082.0 
2098.1 


1786.5 
1803.6 
1820.6 
1837.5 
1854.4 
1871.1 
1887.8 
1904.5 
1921.0 
1937.5 


1788.2 
1805.3 
1822.3 
1839.2 
1856.0 
1872.8 
1889.5 
1906.1 
1922.7 
1939.2 


1789.9 
1807.0 
1824.0 
1840.9 
1857.7 
1874.5 
1891.2 
1907.8 
1924.3 
1940.8 


1953.9 
1970.3 
1986.6 
2002.9 
2019.1 
2035.3 
2051.4 
2067.6 
2083.6 
2099.7 


1955.6 
1972.0 
1988.3 
2004.5 
2020.8 
2036.9 
2053.1 
2069.2 
2085.2 
2101.3 


1957.2 
1973.6 
1989.9 
2006.2 
2022.4 
2038.5 
2054.7 
2070.8 
2086.8 
2102.9 


2114 2118.9 
2130 2134.9 
2146 


] 9.7 2117.3 
l 31.7 2133.3 
1 2147.7 2149.3 


2007.8 
2024.0 
2040.2 
2056.3 
2072.4 
2088.4 
2104.5 


1791.6 
1808.7 
1825.7 
1842.6 
1859.4 
1876.1 
1892.8 
1909.4 
1926.0 
1942.4 


1793.4 
1810.4 
1827.4 
1844.3 
1861.1 
1877.8 
1894.5 
1911.1 
1927.6 
1944.1 


1795.1 
1812.1 
1829.1 
1845.9 
1862.7 
1879.5 
1896.1 

3 


1796.8 
1813.8 
1830.7 
1847.6 
1864.4 
1881.1 
1897.8 
1914.4 
1930.9 
1947.4 


1912. 
1929.: 
1945. 


1958.9 
1975.2 
1991.5 


1960.5 
1976.9 
1993.2 
2009.4 
2025.6 
2041.8 
2057.9 
2074.0 
2090.0 
2106.1 


1962.1 
1978.5 
1994.8 
2011.0 
2027.2 
2043.4 
2059.5 
2075.6 
2091.6 
2107.7 


1963.8 
1980.1 
1996.4 
2012.7 
2028.8 
2045.0 
2061.1 
2077.2 
2093.2 
2109.3 
23.7 2125.3 

7 2141.3 


2 
+ 


1798.5 
1815.5 
1832.4 
1849.3 
1866. 1 
1882.8 
1899.5 
1916.1 
1932.6 
1949.0 


1800.2 
1817.2 
1834.1 
1851.0 
1867.8 
1884.5 
1901.1 
1917.7 
1934.2 
1950.7 


1801.9 
1818.9 
1835.8 
1852.7 
1869.4 
1886.2 
1902.8 
1919.4 
1935.9 
1952.3 


1965.4 
1981.8 
1998.0 
2014.3 
2030.5 
2046.6 
2062.7 
2078.8 
2094.9 
2110.9 


1967.1 
1983.4 
1999.7 
2015.9 
2032.1 
2048.2 
2064.3 

4 

5 


1968.7 
1985.0 
2001.3 
2017.5 
2033.7 
2049.8 
2065.9 
2082.0 
2098. 1 
2114.1 


2080. 

2096.: 
2112.5 
9 2130.1 


2126.9 2128. 
2144. 2146. 


2142.9 


10.000 
10.100 
10.200 
10.300 
10.400 
10.500 
10.600 
10.700 
10.800 
10.900 


11.000 
11.100 
11.200 
11.300 
11.400 
11.500 
11.600 

.700 

.800 

.900 





0.000 
0.381 
0.862 


2.005 
2.620 


5.063 


6.204 
6.757 
7.303 
7.846 
8.392 d 8 
8.945 
9.510 
10.089 
10.683 


11.912 


Fifty percent iridium-fifty percent 


e in absolute millivolts 


Temperatures in degrees C (Int. 1948) 


rhodium versus iridium 


thermoc ouples 


Reference junctions at 0 °C 





20 30 


40 50 60 70 


80 90 100 





Millivolts 





0.067 
0.471 
0.968 
1.528 
2.127 
2.745 
3.367 
3.984 
4.589 
5.179 


0.102 
0.517 
1.021 
1.587 
2.188 
2.807 
3.429 
4.045 
4.649 
5.237 


1.412 


3.243 
3.862 
1.469 


7.640 5.697 5.754 
6.316 
6.867 
7.412 
7.955 
502 
9.057 
9.625 
10.207 
10.804 


5.811 
6.371 
6.921 
7.466 
8.010 
8.557 
9.114 
9.682 
10.266 
10.864 


10.148 
10.743 
1.292 11.354 
11.974 


11.415 
12.037 


11,477 
12.099 


0.176 
0.612 
1.130 
1.705 
2.311 
2.93] 
553 
.167 
.768 
353 


0.215 
0.660 
1.186 
1.764 
2.373 
2.994 
3.615 
4.228 
4.827 
5.411 


0.255 
0.710 
1.242 
1.824 
2.434 
3.056 
3.677 
4.288 
4.886 
5.469 
5.924 5.980 
6.537 
7.085 
7.629 
8.173 
8.723 
9.283 
9.856 
10.444 
11.047 


6.037 
6.592 
7.140 
7.683 
8.228 
8.778 
9.339 
9.914 
10.503 
10.986 11.108 


1.66 


1 11.663 
2.224 


11.725 


0.381 
0.862 
1.412 
2.005 
2.620 
3.243 
3.862 
4.469 
5.063 
5.640 


0.296 
0.760 
1.298 
1.884 
2.496 
3.118 
3.738 
4.349 
4.945 


5.526 


0.338 
0.811 
1.355 
1.945 
2.558 
3.180 
3.800 
4.409 
5.004 
5.583 


6.093 
6.647 
7.194 
7.738 
8.283 
8.834 
9.396 
9.972 
10.563 
11.169 


6.149 
6.702 
7.249 
7.792 
8.337 
8.890 
9.453 
10.030 
10.623 
11.231 


6.204 
6.757 
7.303 
7.846 
8.392 
8.945 
9.510 
10.089 
10.683 
11.292 
11.787 


11.850 11.912 








TABLE 7-A. Fifty percent iridium-fifty percent rhodium versus iridium thermocouples 


Electromotive force in absolute millivolts. Temperatures in degrees F*. Reference junctions at 32 °F. 





Milli- .000 010 020 030 .040 050 060 .070 .080 090 100 — Milli- 


volts volts 





Degrees F 





0.000 32.0 37.6 43.1 48.6 53.9 59.3 64.5 . 74.9 0.000 
0.100 85.0 90.0 95.0 999 1048 1096 1144 . 123.8 0.100 
0.200 133.1 137.7 142.33 1468 151.3 155.8 160.2 / 169.0 0.200 
0.300 177.7 182.0 1863 190.5 1948 199.0 203.1 a 211.4 0.300 
0.400 219.6 223.7 227.8 231.8 235.8 2398 243.8 : 251.7 0.400 
0.500 259.5 263.4 267.3 271.1 275.0 2788 2826 286. 290.2 0.500 
0.600 297.7 301.4 305.2 308.9 312.6 3163 319.9 323. 327.3 0.600 
0.700 334.5 338.1 341.7 345.3 348.9 352.5 356.1 359. 363.2 0.700 
0.800 370.2 373.7 377.2 380.7 384.2 387.7 391.2 394. 398.1 : 0.800 
0.900 404.9 408.4 411.8 415.2 4186 4220 4254 428. 432.1 0.900 


1.000 438.8 442.2 4455 448.9 452.2 455.5 458.8 -4 465.4 : 1.000 
1.100 472.0 75.3 478.6 481.8 485.1 4884 491.6 : 498.1 501.: 1.100 
1.200 504.6 507.8 511.0 5142 5174 520.6 523.8 527. 530.2° 533. 1.200 
1.300 536.6 539.8 542.9 546.1 549.3 552.4 555.6 558.7 561.9 565. 568. 1.300 
1.400 568.2) 571.3 574.4 577.5 580.7 583.8 586.9 590. 593.1 596.3 599.; 1.400 
1.500 599.3 602.4 605.5 608.6 611.7 614.7 617.8 20. 624.0 “48 1.500 
1.600 630.1 633.2 636.2 639.3 642.3 645.4 648.4 91.5 654.5 97.5 \ 1.600 
1.700 660.6 663.6 666.6 669.7 672.7 675.7 678.7 ; 684.7 : 1.700 
1.800 690.8 693.8 696.8 699.8 702.8 705.8 708.8 : 714.7 : 1.800 
1.900 720.7 723.7 726.7 729.7 732.6 735.6 738.6 é 744.5 “ 1.900 


2.000 750.5 753.4 7564 759.4 762.3 765.3 768.2 0 774.1 : 2.000 
2.100 780.1 783.0 785.9 788.9 791.8 794.8 797.7 , 803.6 se Z 2.100 
2.200 809.5 8124 815.3 8183 821.2 824.1 827.1 : 832.9 5. 2.200 
2.300 838.8 841.7 8446 847.5 850.5 853.4 856.3 99.2 862.1 D. 2.300 
2.400 868.0 870.9 873.8 876.7 879.6 882.5 885.4 re 891.2 . 2.400 
2.500 897.1 900.0 9029 905.8 908.7 911.6 914.5 : 920.3 23.2 2.500 
2.600 926.1 929.0 931.9 9348 937.7 940.6 943.5 y 949.3 92.2 2.600 
2.700 955.1 958.0 960.9 963.8 966.6 969.5 972.4 9. 978.2 : 2.700 
2.800 984.0 986.9 989.8 992.7 995.6 998.5 1001.4 3 1007.1 . 2.800 
2.900 1012.9 1015.8 1018.7 1021.6 1024.5 1027.4 1030.3 33.2 1036.1 38. 2.900 


3.000 1041.8 1044.7 1047.6 1050.5 1053.4 1056.3 1059.2 2.1 1065.0 : 3.000 
3.100 1070.8 1073.7 1076.6 1079.4 1082.3 1085.2 1088.1 0 1093.9 : 3.100 
3.200 1099.7 1102.6 1105.5 1108.4 1111.2 1114.1 1117.0 9 1122.8 25. 3.200 
3.300 1128.6 1131.5 1134.4 1137.3 1140.2 1143.1 1146.0 9 1151.8 54.7 3.300 
3.400 1157.6 1160.5 1163.4 1166.3 1169.2 1172.1 1175.0 9 1180.8 7 3.400 
3.500 1186.6 1189.5 1192.4 1195.3 1198.2 1201.1 1204.0 1206.9 1209.8 1212.7 3.500 
3.600 1215.6 1218.5 1221.5 1224.4 1227.3 1230.2 1233.1 1236.0 1238.9 1241. 3.600 
3.700 1244:8 1247.7 1250.6 1253.5 1256.4 1259.4 1262.3 1265.2 1268.1 1271. 3.700 
3.800 1274.0 1276.9 1279.8 1282.8 1285.7 1288.6 1291.6 1294.5 1297.4 3.800 
3.900 1303.3 1306.2 1309.2) 1312.1 1315.0 1318.0 1320.9 1323.8 1326.8 1329.7 3.900 


4.000 1332.7 1335.6 1338.6 1341.5 1344.5 1347.4 1350.4 1353.3 1356.3 1359.2 1362.: 4.000 
4.100 1362.2 1365.1 1368.1 1371.0 1374.0 1377.0 1379.9 1382.9 1385.8 1388.8 1391. 4.100 
4.200 1391.8 1394.7 1397.7 1400.7 1403.6 1406.6 1409.6 2.5 1415.5 1418.5 21. 4.200 
4.300 1421.5 1424.4 1427.4 1430.4 1433.4 1436.4 1439.3 2.3 1445.3 1448.3 pl. 4.300 
4.400 1451.3 1454.3 1457.3 1460.2 1463.2 1466.2 1469.2 72.2 1475.2 1478.2 1481.2 4.400 
4.500 1481.2 1484.2 1487.2 1490.2 1493.2 1496.2 1499.2 1502.2 1505.2 1508.3 1511.3 4.500 
4.600 1511.3) 1514.3) 1517.3 1520.3 1523.3 1526.3 1529.4 1532.4 1535.4 1538.4 1541.5 4.600 
4.700 1541.5 1544.5 1547.5 1550.5 1553.6 1556.6 1559.6 1562.7 1565.7 1568.7 1571.8 4.700 
4.800 1571.8 1574.8 1577.9 1580.9 1583.9 1587.0 1590.0 1593.1 1596.1 1599.2 1602.2 4.800 
4.900 1602.2 1605.3 1608.3 1611.4 1614.4 1617.5 1620.6 23.6 1626.7 1629.7 1632.8 4.900 





*Based on the International Temperature Scale of 1948 





TABLE 7-A. Fifty percent iridium-fifty percent rhodium versus iridium thermocouples — Continued 


Electromotive force in absolute millivolts. Temperature in degrees F*. Reference junctions at 32 °F 





Milli- .000 .010 020 -030 .040 050 .060 .070 -080 .090 100. — Milli- 


volts 





volts 
Degrees F 





5.000 1632.8 1635.9 1638.9 1642.0 1645.1 1648.2 1651.2 1654.3 1657.4 1660.5 1663.5 5.000 
5.100 1663.5 1666.6 1669.7 1672.8 1675.9 1678.9 1682.0 1685.1 1688.2 1691.3 1694.4 5.100 
5.200 1694.4 1697.5 1700.6 1703.7 1706.8 1709.9 1713.0 1716.1 1719.2 1722.3 1725.4 5.200 
5.300 1725.4 1728.5 1731.6 1734.7 1737.8 1740.9 1744.1 1747.2 1750.3 1753.4 1756.5 5.300 
5.400 1756.5 1759.7 1762.8 1765.9 1769.0 1772.2 1775.3 1778.4 1781.6 1784.7 1787.8 5.400 
5.500 1787.8 1791.0 1794.1 1797.2 1800.4 1803.5 1806.7 1809.8 1812.9 1816.1 1819.2 5.500 
5.600 1819.2) 1822.4 1825.5 1828.7 1831.9 1835.0 1838.2 1841.3 1844.5 1847.6 1850.8 5.600 
5.700 1850.8 1854.0 1857.1 1860.3 1863.5 1866.6 1869.8 1873.0 1876.1 1879.3 1882.5 5.700 
5.800 1882.5 1885.7 1888.9 1892.0 1895.2 1898.4 1901.6 1904.8 1908.0 1911.1 1914.3 5.800 
5.900 1914.3 1917.5 1920.7 1923.9 1927.1 1930.3 1933.5 1936.7 1939.9 1943.1 1946.3 5.900 


6.000 1946.3 1949.5 1952.7 1955.9 1959.1 1962.3 1965.5 1968.7 1971.9 1975.2 1978.4 6.000 
6.100 1978.4 1981.6 1984.8 1988.0 1991.2 1994.5 1997.7 2000.9 2004.1 2007.4 2010.6 6.100 
6.200 2010.6 2013.8 2017.0 2020.3" 2023.5 2026.7 2030.0 2033.2 2036.4 2039.7 2042.9 6.200 
6.300 2042.9 2046.1 2049.4 2052.6 2055.9 2059.1 2062.4 2065.6 2068.8 2072.1 2075.3 6.300 
6.400 2075.3 2078.6 2081.8 2085.1 2088.3 2091.6 2094.9 2098.1 2101.4 2104.6 2107.9 6.400 
6.500 2107.9 2111.1 2114.4 2117.7 2120.9 2124.2 2127.5 2130.7 2134.0 2137.2 2140.5 6.500 
6.600 2140.5 2143.8 2147.1 2150.3 2153.6 2156.9 2160.1 2163.4 2166.7 2170.0 2173.2 6.600 
6.700 2173.2 2176.5 2179.8 2183.1 2186.4 2189.6 2192.9 2196.2 2199.5 2202.8 2206.1 6.700 
6.800 2206.1 2209.3 2212.6 2215.9 2219.2 2222.5 2225.8 2229.1 2232.4 2235.7 2238.9 6.800 
6.900 2238.9 2242.2 2245.5 2248.8 2252.1 2255.4 2258.7 2262.0 2265.3 2268.6 2271.9 6.900 


7.000 2271.9 2275.2 2278.5 2281.8 2285.1 2288.4 2291.7 2295.0 2298.3 2301.6 2304.9 f 
100 2304.9 2308.2 2311.5 2314.8 2318.1 2321.4 2324.7 2328.0 2331.3 2334.6 2338.0 7.100 
.200 2338.0 2341.3 2344.6 2347.9 2351.2 2354.5 2357.8 2361.1 2364.4 2367.7 2371.0 
300 2371.0 2374.4 2377.7 2381.0 2384.3 2387.6 2390.9 2394.2 2397.5 2400.8 2404.2 

7.400 2404.2 2407.5 2410.8 2414.1 2417.4 2420.7 2424.0 2427.4 2430.7 2434.0 2437.3 

7.500 2437.3 2440.6 2443.9 2447.2 2450.6 2453.9 2457.2 2460.5 2463.8 2467.1 2470.4 

7.600 2470.4 2473.7 2477.1 2480.4 2483.7 2487.0 2490.3 2493.6 2496.9 2500.3 2503.6 

7.700 2503.6 2506.9 2510.2 2513.5 2516.8 2520.1 2523.4 2526.8 2530.1 2533.4 2536.7 

7.800 2536.7 2540.0 2543.3 2546.6 2549.9 2553.2 2556.6 2559.9 2563.2 2566.5 2569.8 

7.900 2569.8 2573.1 2576.4 2579.7 2583.0 2586.3 2589.6 2592.9 2596.2 2599.5 2602.9 


8.000 2602.9 2606.2 2609.5 2612.8 2616.1 2619.4 2622.7 2626.0 2629.3 2632.6 2635.9 
8.100 2635.9 2639.2 2642.5 2645.8 2649.1 2652.4 2655.7 2658.9 2662.2 2665.5 2668.8 
8.200 2668.8 2672.1 2675.4 2678.7 2682.0 2685.3 2688.6 2691.9 2695.2 2698.4 2701.7 
8.300 2701.7 2705.0 2708.3 2711.6 2714.9 2718.2 2721.4 2724.7 2728.0 2731.3 2734.6 
8.400 2734.6 2737.8 2741.1 2744.4 2747.7 2750.9 2754.2 2757.5 2760.8 2764.0 2767.3 
8.500 2767.3 2770.6 2773.8 2777.1 2780.4 2783.6 2786.9 2790.2 2793.4 2796.7 2800.0 
8.600 2800.0 2803.2 2806.5 2809.7 2813.0 2816.3 2819.5 2822.8 2826.0 2829.3 2832.5 
8.700 2832.5 2835.8 2839.0 2842.3 2845.5 2848.8 2852.0 2855.3 2858.5 2861.7 2865.0 
8.800 2865.0 2868.2 2871.5 2874.7 2877.9 2881.2 2884.4 2887.6 2890.9 2894.1 2897.3 
8.900 2897.3 2900.6 2903.8 2907.0 2910.2 2913.5 2916.7 2919.9 2923.1 2926.3 2929.6 


9.000 2929.6 2932.8 2936.0 2939.2 2942.4 2945.6 2948.8 2952.1 2955.3 2958.5 2961.7 
9.100 2961.7 2964.9 2968.1 2971.3 2974.5 2977.7 2980.9 2984.1 2987.3 2990.5 2993.7 
9.200 2993.7 2996.8 3000.0 3003.2 3006.4 3009.6 3012.8 3016.0 3019.2 3022.3 3025.5 
9.300 3025.5 3028.7 3031.9 3035.0 3038,2 3041.4 3044.6 3047.7 3050.9 3054.1 3057.2 
9.400 3057.2 3060.4 3063.6 3066.7 3069.9 3073.0 3076.2 3079.4 3082.5 3085.7 3088.8 
9.500 3088.8 3092.0 3095.1 3098.3 3101.4 3104.6 3107.7 3110.8 3114.0 3117.1 3120.3 
9.600 3120.3 3123.4 3126.5 3129.7 3132.8 3135.9 3139.1 3142.2 3145.3 3148.5 3151.6 
9.700 3151.6 3154.7 3157.8 3160.9 3164.1 3167.2 3170.3 3173.4 3176.5 3179.6 3182.7 
9.800 3182.7 3185.9 3189.0 3192.1 3195.2 3198.3 3201.4 3204.5 3207.6 3210.7 3213.8 
9.900 3213.8 3216.9 3220.0 3223.0 3226.1 3229.2 3232.3 3235.4 3238.5 3241.6 3244.7 





*Based on the International Temperature Scale of 1948. 





TABLE 7-A. Fifty percent iridium-fifty percent rhodium versus iridium thermocouples — Continued 


Electromotive force in absolute millivolts. Temperature in degrees F*. Reference junctions at 32 °F. 





Milli- .000 .010 .020 .030 040 .050 .060 .070 080 .090 100 ~— Milli- 


volts volts 


Degrees F 








10.000 3244.7 3247.7 3250.8 3253.9 3260.0 3269.3 3272.3 3275.4 10.000 
10.100 3275.4 3278.5 3281.5 3284.6 3290.7 3299.9 3302.9 3306.0 10.100 
10.200 3306.0 3309.1 3312.1 3315.2 3321.3 : 3330.4 3333.4 3336.5 10.200 
10.300 3336.5 3339.5 3342.5 3345.6 3351.7 : 3360.7 3363.8 3366.8 10.300 
10.400 3366.8 3369.8 3372.9 3375.9 ; 3381.9 : 3391.0 3394.0 3397.0 10.400 
10.500 3397.0 3400.0 3403.0 3406.0 3412.1 : 3421.1 3424.1 3427.1 10.500 
10.600 3427.1 3430.1 3433.1 3436.1 3442.1 : 0 3451.0 3454.0 3457.0 10.600 
10.700 3457.0 3460.0 3463.0 3466.0 3471.9 3480.9 3483.9 3486.8 10.700 
10.800 3486.8 3489.8 3492.8 3495.8 ; 3501.7 ¢ : 3510.6 3513.6 3516.6 10.800 
10.900 3516.6 3519.5 3522.5 3525.4 3531.4 ; 3540.2 3543.2 3546.1 10.900 


11.000 3546.1 3549.1 3552.1 3555.0 ; 3560.9 ; : 3569.8 3572.7 3575.6 11.000 
11.100 3575.6 3578.6 3581.5 3584.5 3590.3 ‘ 3599.2 3602.1 3605.0 11.100 
11.200 3605.0 3608.0 3610.9 3613.8 3619.7 ; ‘ 3628.5 3631.4 3634.3 11.200 
11.300 3634.3 3637.2 3640.2 3643.1 0 3648.9 ; ‘ 3657.7 3660.6 3663.5 11.300 
11.400 3663.5 3666.4 3669.4 3672.3 ; 3678.1 < 3686.8 3689.7 3692.7 11.400 
11.500 3692.7 3695.6 3698.5 3701.4 ; 3707.2 : 3715.9 3718.8 3721.7 11.500 
11.600 3721.7 3724.6 3727.5 3730.4 3736.2 ; : 3744.9 3747.8 3750.7 11.600 
11.700 3750.7 3753.6 3756.5 3759.4 ; 3765.2 ; ‘ 3773.8 3776.7 3779.6 11.700 
11.800 3779.6 3782.5 3785.4 3788.3 3794.1 ; : 3802.7 3805.6 3808.5 11.800 

3808.5 3811.4 3814.3 3817.2 3822.9 3831.6 3834.5 3837.4 11.900 


3837.4 3840.2 3843.1 3846.0 3851.8 ; : 3860.4 3863.3 3866.2 12.000 
3866.2 3869.1 3871.9 3874.8 3880.6 : 3889.2 3892.1 3895.0 12.100 
3895.0 3897.8 3900.7 12.200 





*Based on the International Temperature Scale of 1948. 





TABLE 8-A. Fifty percent iridium-fifty percent rhodium versus iridium thermocouples 


Electromotive force in absolute millivolts. Temperature in degrees F*. Reference junctions at 32 °F 





10 20 30 40 50 60 70 80 90 100 





Millivolts 





0 0.014 0.033 0.051 .07 0.090 0.110 0.130 0 
100 0.130 0.151 0.172 0.193 0.215 0.237 0.259 202 0.305 0.352 100 
200 0.352 0.377 0.401 0.426 0.451 0.476 0.501 27 0.553 ss 0.606 200 
300 0.606 0.633 0.660 0.688 0.715 0.743 0.771 ; 0.828 857 0.886 300 
400 0.886 0.915 0.944 0.974 1.003 1.033 1.064 .09- 12 .155 1.186 400 
500 1.186 1.217 1.248 1.279 1.311 1.342 1.374 ‘ A: 2 1.502 500 
600 1.502 535 1.567 1.600 1.632 1.665 1.698 1.831 600 
700 1.83] 1.864 1.898 1.931 1.965 1.998 2.032 2.168 700 
800 2.168 2.202 2.236 2.270 2.304 2.338 2.373 2.510 800 
900 2.510 2.545 2.579 2.613 2.648 2.683 2.717 2.855 900 


NNN 


1000 2.855 2.890 2.924 2.959 2.994 3.028 3.063 
1100 3.201 236 3.270 3.305 3.339 3.374 3.408 
1200 3.546 3.581 3.615 3.649 3.684 3.718 3.752 
1300 3.889 3.923 3.957 3.99] 4.025 4.059 4.093 
1400 4.228 4.261 4.295 4.329 4.362 4.396 4.429 
1500 4.563 1.596 4.629 4.662 4.695 4.728 4.761 
1600 4.893 4.925 4.958 4.99] 5.023 5.056 5.089 
1700 2218 5250 5283 5315 5347 5379 $41) 5.539 1700 
1800 5.539 5.571 5.602 5.634 5.666 5.697 5.729 5.761 792 5.855 1800 
1900 5.855 5.886 5.918 5.949 5.980 6.012 6.043 6.074 6.105 6.136 6.167 1900 


3.201 1000 
3.546 1100 
3.889 1200 
4.228 1300 
4.563 1400 
4.893 1500 
5.218 1600 


= OO 
wih 
Oo = 


ONO oe om om OW 
_ 
~) 
uw 


2000 6.167 6.198 6.229 6.260 6.291 6.322 6.353 6.384 6.414 6445 6.476 2000 
2100 6.476 6.507 6.537 6.568 6.598 6.629 6.660 6.690 6.72] 6.751 6.782 2100 
2200 6.782 2 6.842 6.873 6.903 6.934 6.964 6.994 7.025 7.055 7.085 2200 
2300 7.085 7.115 7.146 7.176 7.206 7.236 7.267 7.297 = 7.327 la 7.387 2300 
2400 7.387 r 7.448 7.478 7.508 7.538 7.569 7.599 7.629 7.65 7.689 2400 
2500 7.689 ] 7.750 7.780 7.810 7.840 7.870 7.901 7.931 FB 7.991 2500 
2600 7.99] 22 8.052 8.082 8.113 8.143 8.173 8.204 8.234 2 8.295 2600 
2700 8.295 5 8.356 8.386 8417 8.447 8.478 8.508 8.539 5 8.600 2700 
2800 8.600 3 8.661 8.692 8.72: 8.754 8.785 8.815 8.846 ’ 8.908 2800 
2900 8.908 8.939 8.970 9.001 9.032 9.064 9.095 9.126 9.157 ; 9.220 2900 


3000 9.220 9.251 9.283 9.314 9.346 9.377 9.409 9.440 9.472 90- 9.535 3000 
3100 9.535 9.567 9.599 9.631 9.663 9.695 9.727 9.759 9.791 82. 9.856 3100 
3200 9.856 9.888 9.920 9.952 9.985 10.017 10.050 10.082 10.115 f 10.180 3200 
3300 R 10.213 10.246 10.279 10.312 10.345 10.378 10.411 10.444 ! 10.510 3300 
3400 5 10.543 10.576 10.610 10.643 10.677 10.710 10.743 10.777 R 10.844 3400 
3500 1 10.878 10.912 10.945 10.979 11.013 11.047 11.081 11.115 ° 11.183 3500 
3600 > 11.217) 11.251) «11.285 «11.319 11.354 11.388 11.422 11.457 ‘ 11.525 3600 
3700 5 11.560 11.594 11.629 11.663 11.698 11.732 11.767 11.801 .B3¢ 11.871 3700 
3800 r 11.905 11.940 11.974 12.009 12.044 12.079 12.113 12.148 2.18: 12.217 3800 
3900 217 3900 
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Selected Abstracts 


Recalibration of the NBS glass standards of spectral trans- 
mittance, H. J. Keegan, J. C. Schleter, and M. A. Belknap, 
J. Res. NBS 67A (Phys. and Chem.), No. 6, 577 (Nov.-Dec. 
1963), 70 cents. 
In 1934, Gibson, Walker, 
colored glass filters to serve as working standards of spectral 
transmittance for checking the reliability of spectrophotom- 
eters. Several sets of these were measured care- 
fully and reserved and designated as future reference stand- 
ards. Duplicate standards evaluated by comparison with 
the reference standards are available by purchase to the public. 
The current set of reference standards was established in the 
years 1945 to 1947, and one of these reference standards 
(selenium-red) was recalibrated in 1952. This paper reports 
a recalibration, made in 1961 and 1962, of all four glasses 
(selenium-red, carbon-yellow, copper-green, cobalt-blue) on 
three spectrophotometers (Cary 14, Beckman DU, K@6nig- 
Martens). Except for the cobalt-blue standard, the values 
of spectral transmittance found differ from those previously 
assigned by amounts differing at some wavelengths by as 
much as or slightly more than the uncertainties estimated 
for the present values, though not by amounts exceeding the 
combined uncertainties of the present and previous deter- 
minations. The indicated changes for these three standards 
are fairly regular, however, and support the view that the 
selenium-red and carbon-yellow standards are changing chiefly 
bv formation of a reflectance-reducing film on the surfaces. 
he indicated rate of upward drift is slow, and suggests that 
it takes about 10 years for the drift to exceed the assigned 
uncertainty. 


glasses 


Ruthberg. 
585 (Nov.-Dec 


Thermal behavior of muscovite sheet mica, S. 
J. Res. NBS 67A (Phys. and Chem.), No. 6, 
1963), 70 cents. 

The three spectral types of muscovite sheet mica, i.e., very 
pink ruby, light green, and dark green, were subjected to 
heat treatments at temperatures up to 600 °C. The changes 
in the apparent optic axial angle and in the absorption spectra 
(0.3— 15 w) were studied along with color. 

The differentiation of muscovite sheet according to these 
spectral types extends to the behavior of apparent optic 
axial angle and to certain regions of the spectrum under heat 
treatment. The pink associated absorption region (0.47 
to 0.6 4) can be enhanced or bleached away by appropriate 
thermal treatment although the associated infrared multiplet 
at 3 to 3.5 wu is little affected. The absorption band at 12 u 
increases in intensity with temperature of treatment. It is 
suspected that the 0.47 to 0.6 w absorption is the result of 
color centers. 


Ross and L. J. 
and Chem.), No. 6, 607 


Chemical purity by dielectric cryometry, G. S. 
Frolen, J. Res NBS 6G7A (Phys. 
(Nov.-Dec. 1963), 70 cents. 

A consideration of the deficiencies in standard methods used 
for tne cryometric determination of purity has led to a new 
approach in which the measurement of an intensive rather 
than an extensive property is the controlling factor. This 
method, measurement of the dielectric constant as a function 
of the fraction melted and correlation with the accompanying 
change in temperature, allows calculation of purity with 
high precision. The apparatus used and experimental work 
performed to ascertain the scope of the method are described. 
Determination of purity for organic compounds with diverse 
polarizabilities and dipole moments indicate a rather wide 
applicability of the method. The large change in the dielec- 
tric constant of a high purity compound as it passes from solid 
to liquid state, with an accompanying small change in tem- 
perature, may allow automatic control of temperature within 
extremely narrow limits. 
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Optimal periodic inspection programs for randomly failing 
equipment, G. H. Weiss, J. Res. NBS 67B (Math. and Math. 
Phys.), No. 4, 223-228 (Oct.—Dec.1963), 75 cents. 

There have been many analyses made of models for equip- 
ment inspection, i.e., where a system may suffer a breakdown, 
but such an event is only discovered by an inspection. Most 
analyses assume that the failures follow a negative exponential 
law which implies that only periodic inspection programs need 
be considered. Another model which has been analyzed by 
Barlow, Hunter, and Proschan finds the optimal program of 
inspections when the equipment reliability function is of 
general form, but a particular loss function is given. In this 
paper we find the optimal periodic inspection program for 
systems which do not have negative exponential reliability 
functions. These programs have the virtue of simplicity 
even though they may not be optimal in an absolute sense. 
Besides the periodic inspection programs, we derive results 
for random inspection programs. 


On the index of refraction of air, the absorption and dispersion 
of centimeter waves by gases, G. Boudouris. Translated from 
French by G. Wm. Curtis, J. Res. NBS 67D (Radio Prop.), 
No. 6, 631, 631-684 (Nov.—Dec. 1963), 70 cents. 

The index of refraction, the absorption and dispersion are 
studied for several gases and vapors (pressure from 0 to 1 
atm. temperature from 0 to 50 °C, frequency from 7,000 to 
12,000Me/s). The first part is devoted to a dese ription of the 
microwave spectrometer used, while the second part is a 
survey of the several theories implied in the interpretation 
of the results. 

In the third part, we present first the results concerning the 
index of refraction of atmospheric gases, of dry air and of damp 
air. Then we study the absorption and dispersion by several 
vapors, and of ammonia and chloroform, principally. Finally, 
we indicate a new method making use of gaseous mixtures. 
Our original results are discussed and presented within the 
frame of reference of works of other authors by means of 
comparison and intensive bibliographis. 


Effects of wall perturbations in multimode waveguides, S. W. 
Maley and E. Bahar, J. Res. NBS 68D (Radio Sci.), No. 1, 
35-42 (Jan. 1964), $1.00 

An experimental investigation has been made of the effects 
of wall perturbations in multimode rectangular waveguides, 
whose dimensions were such that the modes TE,, for n=1, 
2. . .15 were propagating modes and all of the others were 
cut off. Measurements were made at X-band frequencies. 
The investigation has shown that when the lowest ordered 
mode is incident upon a perturbation in the waveguide wall, 
all of the higher ordered propagating modes will be excited 
in both directions in the waveguide, but the distribution of 
energy among the modes is critically dependent upon the 
shape and size of the perturbation. 

Measurements on this waveguide with various wall pertur- 
bations may be used to gain insight into the effects of iono- 
spherie perturbations on terrestrial VLF propagation. 


Bibliography of temperature measurement, July 1960 to 
December 1962, C. Halpern, NBS Mono. 27, Suppl. 1 
(Sept. 13, 1963), 20 cents. 

There are presented in this supplement to NBS Monograph 27, 
“Bibliography of Temperature Measurement, January 1953 
to June 1960” issued April 6, 1961, about 700 additional 
references to the field of temperature measurement. The 
period covered is from July 1960 to December 1962 with some 
earlier references which came to our attention. T he arrange- 
ment of material is the same as in Monograph 27, and the 
journal abbreviations used are those employed in Chemical 
Abstracts. 





Tensile and impact properties of selected materials from 
20 to 300° K, K. A. Warren and R. P. Reed, NBS Mono. 63 
June 28, 1968), 35 cents. 

The tensile and impact properties of structural materials 
were experimentally determined at temperatures from 20 to 
300 °K. Tensile properties of a few materials were also 
determined at 4 °K. The materials included forty-two 
commercial alloys of iron, aluminum, titanium, copper, 
nickel, and cobalt, and two metal-bonded carbides. The 
properties experimentally determined were the yield strength, 
tensile strength, elongation, and reduction of area, the stress 
versus strain curve, and the impact energy. The test equip- 
ment and procedures are described. The individual data 
are presented in tables, and the average results are dis- 
played in graphs 
Experimental statistics, MI. G. Natrella, NBS Handb. 91 
(Aug. 1, 1963), $4.25 

This Handbook is a collection of statistical procedures which 
are useful in research and development programs. It 
intended for the user with a scientific or engineering back- 
ground who has an occasional need for statistical techniques, 
but does not have the time or inclination to become an expert 
on statistical theory methodology. It organized in 
five sections. Section 1 provides an elementary introduction 
to statistical concepts and furnishes full details on 
standard statistical techniques for the analysis and interpre- 
tation of measurement data. Section 2 provides detailed 
procedures for the analysis and interpretation of enmerative 
and classificatory data. Section 3 has to do with the planning 
and analysis of comparative experiments. Section 4 is devoted 
to consideration and exemplification of a number of important 
but as yet non-standard statistical techniques, and to dis- 
cussion of other special topics. Section 5 contains all the 
mathematical tables needed for application of the procedures 
given in Sections | through 4 
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Proceedings of the 1962 Standards Laboratory Conference, 
NBS Misc. Publ. 248 (Aug. 16, 1963), $1.75. 

This publication comprises technical papers together with 
discussions thereof, presented at the 1962 Standards Labora- 
tory Conference, August 8-10, 1962 

A bibliography of foreign developments in machine transla- 
tion and information processing, J. L. Walkowicz, NBS 
Tech. Note 193 (July 10. 1963). 81.00. 

The bibliography presents 714 references to the literature 
translated in the Joint Publications Research Service series 
on foreign developments in machine translation and infor- 
mation processing. In addition to a conventional subject 
index to the literature cited, a permuted title index is provided 
as an experiment in the comparative efficiency of two methods 
of indexing Also provided are an author index, an index to 
conferences and organizations cited, and a listing of the 
original source documents 


Report on technical investigation of odometers, 1). R. Mackay, 


\ BS Tech N of¢ 195 i] ig. 6, 1963), 25 cents. 
A technical investigation of the accuracy of vehicle odometers 
was conducted by the Office of Weights and Measures. 
This report describes (1) the determination of the accuracy 
of odometers, (2) the identification of the factors that affect 
accuracy, the development of testing equipment 
and procedures to be used in the testing of odometers. In- 
cluded in the investigation were fifth-wheel tests, road tests, 
wheel tests, and simulated-road tests. Each type of test is 
and the results 


and (3 


described, discussed 


Report on the investigation of slow-flow meters for fuel oil 
distribution systems, D. RK. Mackay, NBS Tech. Note 196 
(Se pl 5, 1963), 20 cents i 
A recent development in the retail distribution of fuel oil to 
individual residences and to mobile homes involves the use 
of small, slow-flow meters \ technical investigation was 
conducted by the Office of Weights and Measures to develop 
testing equipment and test procedures that could be used to 
evaluate the accuracy characteristics of these meters. This 
report describes the testing systems and test procedures that 
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were developed, as well as the data that were obtained during 
the course of the investigation. 


Research on crystal growth and characterization at the 
National Bureau of Standards during the period January to 
June 1963, Ed. by H. S. Peiser, NBS Tech. Note 197 (Se pt. 23, 
1963), 30 cents. 

The National Bureau of Standards with partial support from 
the Advanced Research Projects Agency is continuing diverse 
research projects on the growth and characterization of 
crystals. This note summarizes the individual NBS acti- 
vities in this and closely related fields during January to 
July 1963. Lists of NBS publications appertaining to that 
period and of participating NBS scientists are appended. 


Pressure induced shifts of infrared lines due to polar mole- 
cules, E. K. Plyler, M. A. Hirshfield, and J. H. Jaffe, J. Chem. 
Phys. 38, No. 1, 258 (Jan. 1968). 

Most of the studies of pressure induced shifts of lines in the 
infrared spectra of molecules have been concerned with 
systems involving noble gases as perturbers. In this com- 
munication the problem of polar perturbers is discussed and 
a striking example is given. 
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Design of an interferometric oil manometer for vacuum 
measurement, A. M. Thomas, D. P. Johnson, and J. W. 
Little, 1962 Trans. Ninth Natl. Vacuum Symp., Am. Vacuum 
Soc.. pp. 468 (1962). 

The oil manometer under discussion one which uses an 
interferometer to measure the changes in height of the oil 
surfaces as a change in pressure is applied. Interference 
fringes are developed between the lower surface of an optical 
flat and the oil surfaces of the manometer. Di-octyl sebacate 
is distilled into the manometer after outgassing the system 
and oil. A fringe shift of fifty-five fringes is produced by a 
pressure of 10-% torr. A sensitivity of 2 x 10~-® torr can be 
attained by detecting a shift of one-tenth of a fringe. 
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Vacuum-tight cylinder joints and ball-and-socket joints, L. 
Guildner and H. F. Stimson, Rev. Sei. Instr 
(June 1963). 

Two types of vacuum tight joint have been developed for 
articulation of the connecting lines of a mercury manometer. 
The design and construction of each joint are described. The 
cylinder type has a seal around the circumference of a tube. 
The exit tube of the cylinder joint can be moved in a plane 
normal to the joint axis. The ball and socket type has a seal 
around the equator of the ball. The exit tube of the ball and 
socket joint can be deflected 15 The joints are packed 
with Teflon and they remain vacuum tight without causing 
excessive resistance to movement 


Bi. 
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Statistical interpretations, W. J. Youden, Book, 
Methods of Chemical Analysis, IITA, ch. 16, 319 
Nostrand Co., Princeton, New Jersy, 1963 

This paper has been prepared for the chapter on Statistics in 
the new (6th) edition of Scott’s Standard Methods of Chemical 
Analysis published by Van Nostrand. The first part of the 
paper goes into detail regarding the steps required to obtain 
meaningful estimates of the errors in analytical determina- 
tions. The remainder takes up a few recurring problems in 
analytical chemistry along with the appropriate statistical 
techniques. 


Standard 
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Study of Knudsen’s method of pressure division as a means 
of calibrating vacuum gauges, 8. Schuhmann, Trans. Ninth 
Natl. Vacuum Symp. Am. Vacuum Soc., pp. 463-467 (1962). 
A glass apparatus which enables one to produce low gas 
pressures in a controlled manner is described. In_ this 
apparatus, the gas which is present in a small container of 
accurately determined volume, at relatively high pressure, 
escapes into a much larger volume. Boyle’s law enables 
one to calculate the resultant lower pressure. Volume ratios 
are chosen to obtain low pressures covering at least 
These ratios are accurate to within 0.5%. 
Values of pressure obtained in this manner are compared to 
corresponding values read with an ionization gage. 
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Design of low voltage electron guns, J. A. Simpson and C. E. 
Kuyatt, Rev. Sci. Instr. 34, No. 3, 265-268 (Mar. 1963). 
It is shown that by use of a multi-stage technique in which 
electrons are drawn from a cathode by a high potential and 
decelerated to the required final energy, guns can be designed 
capable of forming beams in which the current is limited 
only by space charge in the beam itself. The design princi- 
ples and procedures are given and illustrated by two examples 
of electron guns giving highly collimated beams and operating 
at energies of 30 and 500 electron volts. The measured cur- 
rents obtained are somewhat greater than the space charge 
limited beam maximum because of ion neutralization. 


Plastics, G. M. Kline, Americana Annual, p. 535 (American 
Corp., Chicago, Ill., 1963). 

A brief summary of developments in the plastics industry 
in 1962, prepared by invitation for publication in The 1963 
Americana Annual. 


Precision of simultaneous measurement procedures, W. A. 
Thompson, Jr., J. Am. Stat. Assoc. 58, No. 302,. 474-479 
(June 1963). 

We consider the problem of measurement under the following 
conditions: The process of gathering the data is such that on 
any given item only one opportunity for measurement occurs, 
but simultaneous observation by several instruments is 
possible. The items to be measured are variable so that one 
cannot obtain replicate observations with the same instrument 
which would show directly the variance of the instrument 
readings. Procedures are discussed for estimating the 
precisions of the instruments and the variability of the items 
being measured. 


Mathematical analysis of thermal environment in under- 
ground shelters, P. R. Achenbach, T. Kusuda, and F. J. J. 


Drapeau, ASHRAE Symp. Survival Shelters, pp. 9-33 (June 
1962). 

The National Bureau of Standards has employed numerical 
methods and some simplified analytical solutions to predict 


temperatures and humidities in underground shelters. 
These techniques have been applied to the family-size shelter 
on the grounds of the National Bureau of Standards, so that 
comparisons between calculated conditions and those observed 
during five simulated occupancy tests could be made. In a 
typical illustration, the predicted shelter air and surface 
temperatures differed from the observed values by 2 °F or 
less and the disparity between calculated and 
relative humidities ranged from 0 to 2 percent. 


observed 


Effect of insulation on the weathering of smooth-surfaced, 
built-up roofs exposed to solar heating, W. C. Cullen and 
W.H. Appleton, Am. Roofer and Building Improvement Build- 
tng Contractor Mag. pt. I, 538, No. 3, 19-22 (Mar. 1963); pl. 
II, 58, No. 4, 14 (Apr. 1963). 

The effects of solar heating on the weathering characteristics 
of smooth-surfaced, built-up roofings applied over insulation 
are discussed. Data are presented giving the temperatures 
attained at the underside of smooth-surfaced, built-up roof- 
ings placed either over insulation or directly on a concrete 
deck. Photographs are given showing the differences in the 
weathering between the insulated and non-insulated roofings 
observed in the laboratory and in the field. The data show 
that roofings placed over insulation are subjected to much 
higher maximum temperatures, more rapid temperature 
changes, and greater sub-cooling on clear nights than similar 
roofings placed directly on concrete decks. 


The precise evaluation of lens distortion, F. FE. 
Photogrammetric Eng., 327-332 (Mar. 1963) 

Four methods of radial distortion measurement are described. 
Comparison of results obtained on the same lens using each 
of the four methods is used to locate systematic errors and to 
evaluate the reliability of each method. Several sources of 
error are discussed. It is concluded that a precision of +2 
microns can be achieved using any one of the four methods, 
provided adequate attention is given to the reduction of all 
potential errors to negligible proportions; that is, the PE, 


Washer, 


of Ds does not exceed 2 microns where Dg, is the value of 
distortion obtained at angle 8 and PE, is the probable error 
of a single determination. 


Factorial designs and the direct product, B. Kurkjian and 
M. Zelen, Bull. Intern. Stat. Inst. XXXIX, pt. 2, 509-519 
(1962). 

This paper presents new notation and associated operations 
for treating a general factorial experiment, and to apply it 
to the analysis of confounded asymmetric factorial designs. 
The aim of the new notation and operations is to unify the 
analysis of the general problem and make complicated arith- 
metic operations easy. The chief tool is the use of the direct 
(or Kronecker) product and its associated operations. 


The contact properties of thin films on semiconductors, 
T. Higier and G. G. Harman, November 1961 Contact Symp. 
Proc. Univ. Maine (Mar. 20, 1963). 

The surface and bulk properties of semiconductors have been 
studied by a two-terminal method using dirty contacts. 
These contacts are defined as ones that are easily applied and 
removed and that are separated from the bulk by surface 
states, oxides, adhered gases, and chemical films. The 
method essentially involves measuring the resistance-voltage 
(R-V) characteristics from the millivolt range up to about 100 
V, and from these data the sample resistivity can be obtained 
directly. By observation of the shape of the R-V curves it is 
possible to separate the bulk from the surface effects, calculate 
the surface barrier height and thickness from tunneling equa- 
tions, and determine whether the barrier is a surface film 
or due to metal-semiconductor contact potential difference. 
In this paper, an application of the theory of electric field 
tunneling of Holm to the data of silicon carbide gives values 
of about 2.4 eV for the barrier height and 13 A for the barrier 
width of the film on the surface. ,For gallium arsenide, 
these values are about 3.0 eV and 10 A respectively. 


The present status of radiometric calibrations in the ultra- 
violet spectrum, R. Stair, Symp. on Military Applications 
of Ultraviolet Radiation, Rept. No. LAS—T R-199-37 (Nov, 
1962). 

Until recently all radiometric calibrations in the ultraviolet 
spectrum at the National Bureau of Standards were based 
upon the thermal-radiation standards as established and 
maintained since 1913 (1, 2, 3). As originally set up these 
standards were based primarily upon the emission of a black- 
body, using the Stefan-Boltzman constant of total radiation 
o 5.70 x 10-” watt/(em? °K‘). A recent review of changes 
(a) in the atomic constants involved and (b) in probable 
atmospheric humidities encountered in the calibration of the 
standards (4) has indicated no need for adjustment of the 
values assigned to the standards. 


Acoustic properties of liquids, M. Greenspan, Am. 
Phys. Handb. 2d Ed. Sec. 3e, pp. 71-82 (1963). 

Tables of acoustical properties of various liquids, abstracted 
from the literature, are presented. 


Inst. 


Gas measurement and other services of the National Bureau 
of Standards, C. T. Collett, Am. Gas Assoc. Preprint DM C-63, 
pp. 1-3 (1963). 

A brief description of the National Bureau of Standards, its 
staff, physical facilities, and general services, is followed 
by a discussion of services of particular interest to gas measure- 
ment personnel. 


Discussion of errors of a recommended standard resistor- 
noise test system, M. Newman and G. T. Conrad, Jr., JRE 
Trans. Component Parts CP-9, No. 4, 180-192 (Dec. 1962). 
This paper supplements an earlier report which describes a 
recommended standard resistor-noise test system. It treats 
of the nautre and the magnitude of the errors associated with 
the use of the test system. The sources and types of errors 
are discussed for different operating procedures. Means are 
provided in summary form for estimating accuracy of current- 
noise measurements under a broad range of operating condi- 
tions. 





Conditions for second-order waves in hypo-elasticity, B. 
Bernstein, Trans. Soc. Rheology V1, No. 1, 263-273 (1962). 
The study in hypo-elasticity of second order waves, regarded 
as propagating singular surfaces of order two in displacement, 
vields results similar to those in general elasticity theory. 
The amplitude of a wave must be an eigenvector of a certain 
matrix, the acoustical tensor, which depends on the stress and 
direction of propagation, and the product square of the wave 
speed with the mass density must be the corresponding 
eigenvalue. Conditions are stated that at least one wave is 
possible in each direction and that the existence of a longi- 
tudinal amplitude imply the possibility of a longitudinal wave. 
The condition that the acoustical tensor be always symmetric 
is the same as that of a Cauchy-elastic hypo-elastic material 
possess a strain energy. 


Research in American Society for Testing Materials, B. L. 
Wilson, Mater. Res. Std. B we. &; 694-695 (Aug. 1962). 

The early recognition of the importance of research in ASTM 
is discussed. Attention is called to the importance of the 
cooperative research done in technical committees and 
methods of giving appropriate recognition to this work are 


suggested. 


Atomic flame reactions involving N-atoms, H-atoms and 
ozone, 1). Garvin and H. P. Broida, 9th Intern. Com- 
bustion Si ymp., pp 678-688 (1963 
Although no radiation is observable 
reaction 


from the fast exothermic 


N+0;-NO0+0 
the addition of H atoms produces a flame with ultraviolet and 
visible emission, The emitters in the flames are OH, NH, 
NO, N» and, under certain conditions, NH». 
The characteristics of this prototype combustion system are 
(a) N atoms, H atoms and O; must all be present in the 
reaction zone 
(b) H atoms catalyze the consumption of ozone 
that expected from H+0;—-0OH-+ Op. 
(c) NO and NO, are not important intermediates. 
(d) The nitrogen emission (lst positive bands) is not the 
result of the mechanism operating in the Lewis-Rayleigh 
nitrogen afterglow 
(ec) Vibrationally excited OH radicals are important in 
the mechanism for forming NH and in the excitation of the 
emitters 
The rate constant for the 
mated to be 


beyond 


reaction L-OH-NO 
greater than 10-!! ec/molecule-second. 


+-H is esti- 


The effect of moisture _ heat transfer through insulated 
flat-roof constructions, F. J. Powell, Suppl. Bull. Intern. Inst. 
Refrigeration, Annexe oak 1, 61-70 (Aug. 1962 

Laboratory determinations were made of the effect of moisture 
on heat flow in insulated flat-roof constructions exposed to 
roofing surface temperatures simulating winter and summer 
conditions with daily solar heating. Two methods of heat 
transfer measurement were used. One employed heat-flow 
meters and the other a calorimetric technique. Over a period 
of six years, 63 specimens were tested. The results indicated 
that wetted insulation over a vapor barrier and/or a dense 
concrete deck dried very slowly under the exposure conditions 
used and that, if initially moist, or wetted by a roof leak, such 
insulation applications had greatly impaired resistance to 
heat flow. Some constructions made without vapor barriers, 
and with under-decks of moderate permeance to water vapor, 
showed good self-drying characteristics as a result of moisture 
through the under-deck during the summer exposure 
condition. The insulations in such constructions, if wetted, 
approached dryness in a period comparable to a year’s service. 
Current research is aimed at determining how heat trans- 
mission and self-drying characteristics of wetted insulated 
constructions are affected by such factors as ambient con- 
ditions, the arrangement and thickness of the component 
materials, and their thermal and moisture permeance and 
capacity properties. 


loss 


Convergence to normality ¥ powers of a normal random 
variable, N. Severo and L. Montzingo, Jr., Bull. Intern. 
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Stat. Inst. XXXIX: pt. 2, 491-500 (1962). 

Let Y be a normally distributed random variable, and let p 
be a real number such that y” is also real,— 7»SyN+o, 
Let uw, and oa, be the mean and standard deviation of Y, 
respectively. Let X=Y». It is shown that, if the mean yp, 
and the standard deviation o, of X exist, then X is asymp- 
totically normally distributed with mean yp, and standard 
deviation o, as p,/o, ~ ©. If uw, and o, do not exist, then 


X is asymptotically normally distributed with mean po= y 
} ‘ : - 


1 
[1+0(m-?)] and standard deviation a (pus) (1 +O(n-?)] 
as p,/o, ~ ©. When uw, and o, exist, it is shown that 
uy/o, — © is necessary and sufficient to insure that p,/¢, > ©, 


A note on domain conversions of “gg? P. H. Fang and 
W. 58. Brower, J. Appl. Phys. 34, No. 5, 1516 (May 1963) 
Some peculiar properties of BaTiO; single crystals, which 
have been converted into a-domain form, are discussed, The 
a-domain form shows a time instability, in that an intrusion 
of c-domains is observed, by use of X-ray techniques and 
polarizing microscope with a monochromatic light source, to 
occur after several weeks. 


An alignment interferometer, J. B. 
No. 5, 541 (May 1963). 

An alignment interferometer is described that permits ac- 
curate alignment of points along a straight line several miles 
long. The interferometer is relatively easy to construct, is 
rugged, and can be used with curre ntly oie ible light sources. 


Saunders, 


Appl. Opt. 2s 


An application of the peek-a-boo principle to information 
retrieval, J. Stern, Proc. Symp. Materials Information Re- 
trieval, pp. 93-115 (Nov. 28-29, 1962). 

The Peek-a-Boo technique is defined to distinguish it from 
Peek-a-Boo systems of which it constitutes a major element. 
Experience in applying the technique to a collection of in- 
strumentation references is described. A philosophy of in- 
formation retrieval that has resulted from that experience is 
outlined. The performance of improved equipment devel- 
oped to implement that philosophy is discussed and further 
projected improvements are described. 


Burning behavior of building finish materials: Two-test 
methods, A. R. Robertson, Spec. Publ. Fed. Fire Council, 
pp. 21-35 (Apr. 1962). 

An argument is made for a more analytical approach during 
measurement of the fire behavior of materials. It is suggested 
that the flammability of solids may be considered as a function 
of the ratio of heat release rate to critical ignition energy of the 
material being studied. Based on this concept, the radiant 
panel flammability test method has shown its usefulness as a 
research and production control tool. A review is presented 
of previous studies made by use of this method. 

A brief description is also furnished of the horizontal panel 
fire test method of SS-A-118b. It is emphasized that this 
method of test measures more than surface flammability. It 
provides some indication of the combustible character of 
the backing material. It is suggested that this method has 
been unjustly criticised as a result of improper understanding 
of the way in which it should be used. It is concluded that, 
although the test methods discussed have achieved some 
recognition, it would be a mistake to assume that any one 
known test method would be ideal for prediction of the surface 
flammability hazard of all materials in all situations. 


Dependence of the electrical conductivity and thermoelectric 
power of pure and aluminum-doped rutile on equilibrium 
oxygen pressure and temperature, J. Yahia, Phys. Rev. 130, 
No. 6, 1711-1719 (June 1, 1963). 

The electrical conductivity o and thermoelectric power Q 
have been measured as a function of equilibrium oxygen 
pressure in crystals of pure and Al-doped rutile. The 
pressure was varied over the range 10-‘ mm Hg to ~ 103 'mm 
Hg with the temperature held constant at several fixed values 
in the vicinity of 1000°K. The electrical conductivity of the 
pure material varied with pressure according to the relation 
¢ Xp-Y* with z ~6 for p>10 mm Hg and z ~5 for p< <10 mm 
Hg. For the Al-doped crystal, o reached a minimum for 
p=p) mmHg. At low pressures o followed a relation of the 
form o & p-’* with z~5, whereas at high pressures a relation 





of the form o &p*'/* with r~5 was obeyed. The thermo- 
electric power exhibited a reversal near po, being negative at 
lower pressures and positive for p>po. For pure rutile a 
defect model involving anion vacancies and estimated values 
of equilibrium constants leads to a pressure dependence of the 
conductivity: « oO p-”®, whereas for a model involving 
titanium interstitials the pressure dependence is o & p-, 
On the basis of the present measurements it seems that for 
pure rutile the anion vacancy mechanism obtains at “high” 
pressures with the titanium interstitials mechanism pre- 
dominating at “low” pressures. For Al-doped rutile, both 
the anion vacancy model and the titanium interstitials model 
are shown to give rise to approximately the observed pressure 
dependence of conductivity. The anion vacancy model 
equations are solved in detail (assuming certain values of the 
equilibrium constants). The titanium interstitials model 
equations are not solved explicity for this case but it is shown 
that for a certain combination of reaction constants the 
observed pressure dependence may be approximated. As- 
suming a two-band formalism to be valid—and therefore, a 
formalism into which the results derived from any defect 
model must fit—we have analyzed the data and shown that 
reasonable agreement with observation results. Some 
indications that hole mobilities at 1000°K are considerably 
larger (~180 cm?/V sec) than those of the electrons are 
discussed. Assuming high-temperature polar scattering to 
obtain, a hole effective mass 10-2 my (where mp is the free- 
electron mass) is deduced as a consequence of the mobility 
-alculations. 





A portable impedance tube, R. D. Berendt and H. A. Schmidt, 
Jr., J. Acoust. Soc. Am. 35, No. 7, 1049-1052 (July 1963). 
A light-weight impedance tube has been developed primarily 
as an instrument for practical research. It can be used also 
for precision measurements of acoustical impedance and 
sound absorption coefficients in both laboratory and field 
installations, over the frequency range 400 to 900 e/s. It 
is useful for the development and manufacturing control of 
acoustical materials, acceptance testing of acoustical in- 
stallations in the field and determination of aging, staining 
and redecoration effects on the absorptivity of acoustical 
materials. Experimental results are presented. 


Inertial seismograph design—limitations in principle and 


practice, B. Melton and D. P. Johnson, Proc. IRE 50, 
No. 11, 2328-2339 (Nov. 1962). 

Seismograph design is discussed in the general terms of band- 
pass, control of response characteristics through mechanical 
and electrical modifications of the system; and the limitations 
imposed on sensitivity when some seemingly innocuous 
numbers are ignored. Earth vibration amplitudes of one 
Angstrom or less, and power sensing levels as low as 10-” 
watts are considered, implying that instrumental noise levels 
should be even lower under some circumstances. A discussion 
of transducer elements leads to the conclusion that the in- 
corporation of a galvanometer into the motion amplifying 
system offers at least as good a system as can be devised by 
other means. The concept of a platform stabilized against 
seismic disturbances is outlined as an interesting and probably 
important sidelight on seismograph design. Remarks on 
mechanical construction are included as guidance to designers 
because certain details, such as spring proportions, lever 
systems, crossed flexure plate hinges and suspension members 
with controlled regions of bending have been found extremely 
effective while other details of design have produced elusive 
troubles. Some design features are illustrated in the construc- 
tion of certain seismographs in whose design the authors have 
an interest. The problem of level-sensitivity for horizontal 
component seismometers is outlined to show its basic nature, 
and some possible solutions. 


Whistlers, R. M. Gallet, Grenoble, Univ. Ecole Phys. 
Theorique, Les Houches, Geophysique Exterieur, pp. 551-590 
(Gordon and Breach, New York, N.Y., 1963). 

The whistlers and the very low frequency emissions (VLF 
Emissions) are two different classes of natural radio phe- 
nomena observed at very low frequency (few kilocycles per 
second). Both classes are characterized by very distinctive 
variations of frequency with time, which give them quasi- 
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musical qualities in listening. They can be heard after the 
voltage, which the electromagnetic signals induce in an 
antenna, is amplified by a wide band audio-amplifier without 
frequency conversion. Their principal physical interest is 
that their characteristics are directly due to the structure of 
the Earth’s exosphere. They can be considered as natural 
and highly sensitive electromagnetic probes for studying the 
physics of the exosphere. In both classes a radio-propaga- 
tion phenomenon is experienced, which has the unique 
property of guiding the energy of radio waves along curved 
paths defined by the magnetic lines of force of the Earth’s 
magnetic field. These paths reach far out into space, as far 
as 3 or 4 earth’s radii in the plane of the magnetic equator, 
and bring the energy back to earth at the point in the opposite 
hemisphere which is the magnetic conjugate of the position 
of the radio emission in the case of the whistlers. The 
length of such one way path can easily be as long as 30,000 
to 50,000 km. Furthermore, the energy can be almost 
perfectly reflected at the end of the path, and propagating 
again along the same path can be received in the area near 
the original point of emission. Along such long paths the 
speed of propagation of the energy is very slow (as low as 
c/10 to ¢/100), and its local value depends strongly on 
frequency. 


Ten year weathering data on aluminum alloys, W. H. Ailor, 
Jr., and F. M. Reinhart, Materials Protect. 2, No. 6, 30-36 
(June 1963). 

A series of ten aluminum sheet alloys was exposed in urban 
and marine atmospheres and in sea water at mean tide level 
for periods of time varying from six months to ten years. 
The results of these exposures were evaluated by changes in 
mechanical properties and pit depth measurements. The 
mechanical properties of the alloys were not affected by ex- 
posure in either urban or marine atmospheres for periods of 
exposure up to ten years. In tidewater exposure, the mechani- 
‘al properties of the aluminum-manganese alloy were signifi- 
cantly reduced after two years of exposure. 

The cladding of the aluminum-copper alloys was not pene- 
trated by pitting after ten years of exposure in any one of the 
three environments. The rates of penetration for the other 
alloys were greater than for the alclad alloys, with those of 
the purer alloys (1050 and 8099) being less than the aluminum- 
magnesium alloys. The exception to this was the aluminum- 
manganese alloy in the tidewater which was perforated after 
two years of exposure. 


A He? cryostat for performing experiments with oriented 
nuclei, E. Ambler, R. Dove, and R. Kaeser, (Proc. 1962 
Cryogenic Engineering Conf.), Book, Advances in Cryogenic 
Engineering 8, Sec. H-2, 443-554 (Plenum Press, Inc., New 
York, N.Y., 1963). 

An all-metal cryostat is described for carrying out experi- 
ments on nuclear reactions with certain oriented nuclei. The 
cryostat contains a continuously operating He* refrigerator, 
and is of such a construction as to make possible experiments 
with various types of particle accelerators. The apparatus 
has been employed successfully so far for measuring the 
(y,n) cross-section for aligned Ho! nuclei in conjunction with 
a betatron. 

The redefinition of the second and the velocity of light, G. E. 
Hudson and W. Atkinson, Physics Today 16, No. 5, 30-36 
(May 1963). 

Two subjects were discussed at an informal session during 
the International Conference on Precision Electromagnetic 
Measurements, August 14 to 17, 1962, viz, “An Atomic 
Definition for the Unit of Time’’ and “Determination of the 
Velocity of Light.’’ The session was presided over by 
Professor Norman Ramsey of Harvard University. 
This article summarizes, examines, and comments 
discussions. 


on the 


Radiation, L. S. Taylor, Americana Annual pp. 620-622 
(Americana Corporation, Chicago, [ll., 1961). 

This is a brief statement of the current status with regard to 
general thinking on radiation protection criteria together 
with brief mention of some of the events during the past 
year or two relative to protection matters. This was re- 





quested by the Editor of the Americana Annual. 
general topics covered are in accordance with the specific 
request from the Editor. 


The calibration of inductive voltage dividers, T. L. 
ISA Proc. 1962, 17, pl E pp. 10.2.62-1 to 10.2.62-8 (1962). 
\ review of recent work in a-c voltage ratio measurements 
at NBS is followed by a discussion of equipment and methods 
of measurement now under investigation. 
in the accuracy of measurement of a-c voltage ratio by 
capacitance bridge methods have reduced the limit of error 
in the ealibration of voltage ratio of inductive voltage dividers 
to less than 2 10-7. Calibrated inductive voltage dividers 
have standards for the calibration of other 
a comparison method with relatively little deg- 
radation of accuracy Recent investigations on the sign 
and construction of inductive voltage dividers bave de .on- 
strated the feasibility of compensation of ratio errors arising 
from internal loading, and several inductive voltage dividers 
have been designed and constructed having ratio errors less 
than 5x 107% at a frequeney of 1000 cycles per second. 


Zapf, 


Improvements 


be en 


dividers by 


used as 


The stress-corrosion cracking of type 304 stainless steel at 
455 to 615 F, H. L. Logan, M. J. McBee, and M. Romanoff, 
Vater. Res. Std 3. No. 8, 625-639 (Auq. 1963). 

The resistance of tvpe 304 austenitic stainless steel to stress- 
corrosion cracking in solutions containing the chloride ion was 
determined in the temperature range of 455 to 615°F using 
a specimen that was itself an autoclave. Cracking was 
produced in specimens exposed to a corrodent containing as 
little as 5 ppm of chloride ion and subjected to stresses of 
20,000 Ib/in? or more at a temperature of 570°F. The 
presence of oxygen was necessary for crack initiation. 


Bolometric microwave power calibration techniques at NBS, 
R. F. Desch and R. E. Larson, Proc. ISA 17th Annual Instru- 
ment-Automation Conf. & Exhibit (Oct. 1962). 

\ bolometric method of calibrating low-level microwave 
power measuring devices is currently employed at the National 
Bureau of Standards in Boulder, Colorado. The technique 
is one of direet comparison between the standard and the 
unknown, and utilizes NBS working standard bolometer units 
and self-balancing d-c bridges. In general, the unknown is 
calibrated to an accuracy of one percent. The following 
quantities and associated errors are discussed: (A) Calibra- 
tion factor of a bolometer unit in combination with a direc- 
tional coupler, (B) Calibration factor of a bolometer unit, 
and, (C) Effective efficiency of a bolometer unit. 


Photographic 


dosimetry, megaroentgen range, W. L. 
MeLaughlin, 


Encyclopaedia of Y-rays and Gamma Rays, 
Ed. G. L. Clark, pp. 307-309 (Rheinhold Publ. Corp., New 
York, N.} 1963) 

One of the oldest of photographic processes print-out image 
formation—can be used to very large X- and y- 
radiation exposure doses. The direct photochemical print-out 
darkening of the photographic material is usually measured 
photometrically, in terms of net transmission or reflection 
density. This net density is then related to the exposure 
dose by means of a calibration curve. 

Commercial silver-halide X-ray films are widely available and 
have relatively uniform emulsion coatings; their print-out 
response is rate independent and permits y-ray measurements 
in the 10*-10'r range with a precision of 5 percent. Special 
silver halide print-out emulsions, such as those containing 
silver citrate and silver azide have a useful range of approxi- 
mately 10°-10'r; however, they may be subject to high- 
intensity rate dependence. Treating the commercial emul- 
sions with certain halide acceptors prior to exposure sensitizes 
their print-out response by more than a factor of 10. The 
response can be enhanced further if, after the treated films 
receive y-ray exposures, they are exposed briefly to a bright 
light. Other photographic materials which respond in the 
megaroentgen range are non-halide silver-salt emulsions, 
with development, and non-silver print-out systems. The 
photographic methods of measuring large exposure doses 
have several important limitations, which need consideration. 
These limitations are due to energy dependence, temperature 
dependence, and non-linearity of the film response, and to 
sensitivity of the films to blue light. 


measure 


The 


Proposed experiment to measure effects of ground roughness 
on the dose rate from fallout radiation, C. Eisenhauer, Health 
Phys. 9, 503-506 (1963). 

An experiment designed to measure the effects of microscopic 
ground roughness on dose rates from fallout radiation is 
described. Existing calculational procedures for predicting 
these effects are first discussed. The effect of rough ground is 
then discussed in terms of a correction factor to the angular 
distribution of radiation above a smooth plane. An experi- 
ment designed to measure this correction factor is discussed 
in detail. 


A study of embrittlement of high strength steels by hydrogen 
isotopes. I. Testing of steel rings as specimens, a compari- 
son of hydrogen and deuterium embrittlement, and permea- 
tion studies, G. B. Wood, /. Electrochem. Soc. 110: No. 8, 
867-877 (Aug. 1963). 

Embrittlement of steel produced from electrolytic charging 
in H,O- and D,O-solutions is discussed. A comparison of the 
retention of embrittlement with retained gas content in un- 
coated steel is given. The separation factor for the electrode- 
position of hydrogen and deuterium on SAE 4130 steel was 
found to be 5.9. Permeation of the mixture of these isotopes 
through steel results in further enrichment with respect to 
hydrogen. The diffusion coefficients and permeation rates 
for hydrogen and deuterium in steel are compared. 


A study of embrittlement of high strength steels by hydrogen 
isotopes. II. A comparison of gas contents and hydrogen or 
deuterium embrittlement resulting from electroplating proc- 
esses, G. B. Wood, ./. Electrochem. Soc. 110, No. 8, 877-885 
(Aug. 1963). 

Plating processes introduce more deuterium into steel from 
heavy water solutions than hydrogen from ordinary water 
solutions, yet hydrogen embrittles steel more than deuterium. 
There is no simple relation between the total gas content and 
embrittlement. Embrittlement appears to be dependent on 
factors other than the total gas content. The present work 
does not preferentially support any one of the mechanisms 
which have been proposed for hydrogen embrittlement. The 
difference in the chemical affinity of steel for hydrogen and 
deuterium is demonstrated. 

Klystron protection circuit, W. E. Case and N. T. Larsen, 
Rev. Sci. Instr. 34, No. 7, 809-810 (July 1963). 

The design of a circuit to protect a klystron from either 
overvoltage or undervoltage on the heater is complicated by 
the high potential difference which exists between the klystron 
heater and ground. The insulation and control problems 
created by this potential difference are solved in this circuit 
by means of a light-beam controlled relay circuit. Thermal 
protection also is provided, 


Optical observation of pressure induced transitions in 
polymers, A. Van Valkenburg and J. Powers, J. Appl. Phys. 
34, No. 8, 2433 2434 (Aug. 1963). 

Pressure induced transitions in polytetrafluoroethylene, 
nylon 6, natural rubber, and polyethylene were observed 
optically between diamond anvils. In all polymers examined, 
the decrease in thickness and in birefringence is irreversible, 
at least on the time scale of a few months. 


The wear of magnetic recording tape and solubility of the 


binder, F. Nesh, 
(May-June 1963). 
The ability of magnetic recording tape to perform satis- 
factorily after repeated use is a characteristic of critical im- 
portance in computer service. Wear tests of tapes are time 
consuming and have not always shown good agreement in 
the rank ordering of tape between different transport mech- 
anisms and different criteria of end of life. The ability to 
withstand repeated use is governed to a certain extent by the 
composition of the binder and its adhesion to the plastic 
backing. Since the solubility of the binder in various solvents 
depends on its compositions, experiments were run to see 
how well solubility could be correlated with wear. This 
letter is to bring attention to this work which is reported in 
more detail in other reports. 


IEEE Trans. Audio AU-11, No. 3, 97 





Special techniques for use in sugar analysis, V. R. 
F. G. Carpenter, Cane Sugar Handb. Ed. G. P. 
Edition, pp. 605-619 (John Wiley and Sons, Inc., 
N.Y., Aug. 1963). 

In addition to the standard analytical methods that are 
given in other chapters, new methods based on recent de- 
velopments show some promise of utility to sugar technology. 
Some of these will now be de-eribed in sufficient detail to 
acquaint the reader with the possibilities and limitations of 
the methods and to furnish pertinent references to those who 
wish to read further. EDTA titration for Ca+ Mg is given 
in detail since this procedure has attained wide usage. Some 
of the new techniques lend themselves readily to instrumental 
and even automatic analysis and thus may be useful in 
control. 


Deitz and 
Meade, 9th 
New York, 


Humidity (measurement of moisture in gas), A. Wexler, [SA 
Transducer Compendium, pp. 502-508 (Sept. 1963). 

This paper is a state-of-the-art review of the measurement of 
water vapor content in gases. It is intended to serve as intro- 
ductory material for the chapter on Humidity of the Trans- 
ducer Compendium to be published by the ISA. 


Convection phenomena from plants in still air, D. M. Gates 
and C. M. Benedict, Am. J. Botany 50, 563-673 (July 1963). 
The free convection from leaves in still air was observed by 
means of schlieren photographs of broad leaves and of conif- 
erous plants. A quantitative measure of the rate at which 
energy was convected away from the leaf was obtained by 
photographing the size of the convection plume, measuring 
its rate of flow by means of movie photography, and measur- 
ing the temperature of the plume with a fine thermocouple. 
The heat load on a leaf and the surface temperature of the 
leaf were obtained with a total hemispherical radiometer and 
an infrared radiometer respectively. The observations of 
free convection from broad-leaved plants confirmed the values 
predicted, using heat transfer theory for heated plates. The 
schlieren system can also be used to observe forced convec- 
tion from plants in wind. 


Portable 2 flow counter for the detection of a and 8 particles 


in smear samples, L. Costrell, A. Schwebel, 
Zimmer, Health Phys. 9, No. 6, 643 (June 1963). 
A portable 2x flow counter has been developed for @ and 8 
smears. The instrument has proved useful in on-the-spot 
analysis of accidental spills and in routine smear tests. 


and G. W. 


An unmodulated twin channel microwave attenuation meas- 
urement system, D. H. Russell, JSA 18th Annual Conf., 
pp. 1-17 (Sept. 1963). 

A two channel microwave attenuation measurement system 
is described which has the possibility of using the maximum 
linear range of a heterodyne mixer. The error of the system 
approaches that of the mixer alone. Theory of operation is 
presented and a practical system is detailed. No error is 
contributed by i-f amplifier slope or ripple as no modulation 
is required. The i-f amplifier is a null detector only. The 
system is completely phase-locked and with minor modifica- 
tion will also give the phase angle of the measured device. 
Experimental results and sources of error for two operating 
frequencies are discussed. The simplicity of the system and its 
use of standard components suggest its practical application 
in many standards laboratories. 


Application of distillation techniques to radiochemical separa- 
tions, J. R. DeVoe, Natl. Acad. Sci.-Natl. Res. Council 
Nuclear Science Series, Radiochemical Techniques NAS- 
NS3108 (Aug. 1962). 

The use of vacuum distillation of inorganie compounds and 
metals for radiochemical separations is reviewed. A brief 
description of the experimental apparatus which is most 
often used for the distillation is outlined. Advantages and 
disadvantages of the various techniques are discussed. 
Detailed separation procedures are described using wet 
chemical distillation separations as well as for separations of 
daughter radioactivity from target materials by direct heating 
of the target. 





The National Bureau of Standards reactor facility, C. O 
Muehlhause, Capital Chemist 12, No. 1, 7-10 (Jan. 1962). 
The Bureau of Standards will construct a 10 MW research 
reactor-laboratory on its new campus near Gaithersburg, 
Maryland. The facility will be utilized by the Bureau and 
other participating institutions of the Washington area. In 
addition to nuclear standards, radiation standards, and stand- 
ards in the field of radiation effects, the Bureau will engage in 
research and measurement of material parameters basic to 
science and engineering. This paper briefly describes the 
reactor facility and outlines some of the research objectives. 


Determination of rhodium in rhodium-uranium alloys by 
precipitation with hydrogen sulfide, Ek. J. Maienthal, {nal. 
Chem. 35, 1094-1095 (July 1963). 

The separation of rhodium from uranium by precipitation of 
rhodium as the sulfide in dilute hydrochloric acid media 
provides a simple and quantitative method for its determina- 
tion in binary alloys containing from 44 to 98% of uranium. 


Determination of bitumen content in expansion joint fillers, 
Ek. Horowitz and J. Mandel, Mater. Res. Std. 3, No. 9, 723- 
725 (Sept. 1963). 

A Soxhlet extraction method for the determination of bitumen 
content in expansion joint fillers made of bitumen and cellu- 
lose fiber, cork, or glass wool is compared with the ASTM 
centrifuge method. The Soxhlet extraction procedure re- 
quires less operator time and smaller amounts of solvent, and 
makes it possible to analyze a large number of samples con- 
currently with a minimum amount of attention. The results 
obtained by the Soxhlet method are in good agreement with 
those obtained by the centrifuge method. Furthermore, an 
evaluation of the data indicates that ACS carbon tetra- 
chloride, ACS benzene, and technical benzene yield essen- 
tially the same results. It was found that the 44-inch 
specimen tended to give slightly higher results for bitumen 
content than did the 2 2-inch specimen. 


Distillation, A. T. Leslie and E. C. Kuehner, 
Chemistry Handb. XIII, Methods of Separation, Ed. L. 
Sect. 10, pp. 10-23—10-42 (1963). 

Tables of data and other information pertinent to laboratory 
distillation have been compiled for the convenience of labora- 
tory workers using distillation as a method of analysis. The 
tables are to be included in a Handbook of Analytical Chemis- 
try, edited by Prof. Louis Meites, and to be published by 
McGraw-Hill Co. in 1961. 


Analytical 
Me ite 8, 


Other NBS Publications 


Journal of Research 67A (Phys. and Chem.), No. 6 (Nov.- 

Dec. 1963), 70 cents. 

Analysis of the spectrum of neutral atomic bromine (Br 1). 
J. L. Tech. 

Matrices of spin-orbit interaction in the electron configura- 
tions np? n’ p and npt n’ p. J. L. Tech. 

A study of the gas-stabilized are as an emission source for the 
measure ional of oscillator strengths. Determination of 
some relative gf-values for Fe 1. M. Morgoshes and 
B. F. Seribner. 

Tritium-labeled compounds. IX. Determination of isotope 
effects in reactions yielding water-t from nonvolatile re- 
actants. Oxidation of aldoses-l-t with iodine. H. 8. Isbell 
and L. T. Sniegoski. 

Buffer solutions of potassium dihydrogen phosphate and 
sodium succinate at 25 °C. M. Paabo, R. G. Bates, and 
R. A. Robinson. 

Recalibration of the NBS glass standards of spectral trans- 
mittance. H.J. Keegan, J.C. Schleter, and M. A. Belknap. 
(See above abstracts.) 

Thermal behavior of muscovite sheet 
(See above abstracts.) 

Absolute configuration and chemical topology. 8. J. Tauber. 

Reversibility of polyester adsorption on glass. R. R. Strom- 
berg and W. H. Grant. 

Chemical purity by dielectric cryometry. G. 8. 
L. J. Frolen. (See above abstracts.) 


mica. S. Ruthberg. 


Ross and 





Adsorption, desorption, resorption. W. V. 


Color phenomena in polymer fracture. S. 
g Wolock. 


Loebenstein. 
B. Newman and 


Journal of Research 68A (Phys. and Chem.), No. 1 (Jan.— 

Feb. 1964), 70 cents. 

Fast neutron dose measurements for a D-D source in water. 
W. B. Beverly and V. Spiegel, Jr. 

X-ray spectrometric analysis of noble metal dental alloys. 
B. W. Mulligan, H. J. Caul, 8S. D. Rasberry, and B. F. 
Scribner. 

The first spectrum of manganese, Mnt. Miguel A. Catalin, 
William F. Meggers, and Olga Garcia-Riquelme. 

Transition probabilities of forbidden lines. R. H. Garstang. 

Franck-Condon factors to high vibrational quantum numbers 
Ill: CN. RR. W. Nicholls. 

Infrared absorption spectrum of nitrous oxide (N,O) from 
1830 em-! to 2270 em7! E. K. Plyler, E. D. Tidwell, 
and A. G. Maki. 

An absolute light scattering photometer: II. Direct determi- 
nation of scattered light from solutions. D. MeIntyre. 
High pressure microscopy of the silver and cuprous halides. 

A. Van Valkenburg. 

Lattice parameters and lattice energies of high-pressure poly- 
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